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The  Mid-Ocean  Ridge 

The  similar  but  opposing  contours  of  Earth's  continental  land  mass  shorelines    -/  \ 
has  been  observed  since  chart  making  began.  It  was  not  until  early  in  the    \  -* 
20th  century  that  German  meteorologist  Alfred  Wegener  proposed  the  theory  of    ^J^to}^ 
continental  drift,  and  understanding  that  the  planet's  crustal  plates  are  created  at 
the  mid-ocean  ridge  boundaries  came  in  the  second  half  of  this  century.  Today,  study 
of  the  mid-ocean  ridge  system— whose  40,000-mile  length  makes  it  Earth's  largest 

geographical  feature — forms  a  significant  sector  of  oceanographic  science.  Our  two         '  fft 

*S' 
issues  for  1998  offer  Oceanus  readers  insight  into  the  mid-ocean  ridge  investigations  ^..'  -^  ^ 

of  Woods  Hole  Oceanographic  Institution  scientists  and  their  colleagues. 
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This  1977  World 

Ocean  Hour  image 

was  the  last  in  a  series 

produced  hy  Bruce 

Heezen  and  Marie 

Tharpat  Laniont- 

Doherty  (ieological 

Observatory  of 

Columbia  University 

from  somewhat 

eclectically  collected 

and  widely  spaced 

seafloor  data  taken 

over  a  30-year 

time  span. 


Bylhemid  1980s. 

this  map  could  be 

produced  from  many 

wide-beam  echo 

sounder  data  sets 

assembled  by  I  he 

NationaJ  deophysical 

Data  Center.  Hie 

figures  opposite  and 

on  the  back  cover  are 

products  of  later. 

more  sophisticated 

multi-beam  echo 

sounder  data. 


Exploring  The  Global  Mid-Ocean  Ridge 

A  Quarter-Century  of  Discovery 

Ken  C.  Macdonald 

Professor  of  Marine  Geophysics,  University  of  California,  Santa  Barbara 


There  is  a  natural  tendency  in  scientific  inves- 
tigations for  increased  specialization.  Most 
important  advances  are  made  by  narrowing 
focus  and  building  on  the  broad  foundation  of  ear- 
lier, more  general  research.  This  was  certainly  the 
case  for  the  French-American  Mid-Ocean  Undersea 


Study  submersible  expedition  launched  25  years 
ago.  The  mid-ocean  target  was  the  rift  valley  of  the 
Mid-Atlantic  Ridge  spreading  center.  In  the  1950s, 
Bruce  Heezen  of  Columbia  University's  Lament 
Geological  Observatory  collected  wide-beam  echo 
sounder  cross  sections  of  the  rift  valley  and  cor- 


Vol.  41.  No.  1   •   1998 


rectly  surmised  that  it  is  part  of  a  global  rift  system 
that  wraps  around  the  earth  like  the  seam  of  a  base- 
ball. British  and  Canadian  marine  geologists  took 
the  next  step  and  mounted  a  series  of  ambitious 
expeditions  to  study  the  Mid-Atlantic  Ridge  near 
45°  N  using  every  geophysical  and  geological  tool 
available  at  the  time.  An  American  group  focused 
its  attention  on  the  rift  valley  near  22°  N.  However, 
the  floor  of  the  rift  valley  itself,  where  new  oceanic 
crust  intrudes  and  erupts,  remained  as  obscure  and 
enigmatic  as  ever.  The  hundreds  of  active  volcanoes 
that  occupy  the  floor  of  the  rift  valley  were  hidden 
from  depth  recorders  by  booming  side-echoes  of 
sound  reverberating  from  the  steep,  1,000  meter 
high  cliffs  of  the  valley. 

Then,  in  1972,  three  years  after  Neil  Armstrong 
left  the  first  human  footprint  on  the  moon,  an  inter- 
national group  of  marine  geologists  initiated  a  bold 
advance:  to  explore  the  rift  valley  with  the  only 
vehicles  that  could  take  them  there— submersibles. 
Despite  a  decade  or  so  of  deep-sea  submersible 
experience,  there  was  still  considerable  skepticism 
about  their  usefulness  as  scientific  tools.  However, 
those  who  believed  prevailed,  the  French  made  the 
bathyscaphe  Archimede  and  the  submersible  Cyana 
available,  and  the  US  offered  the  reliable  underwater 
workhorse  Alvin.  The  French-American  Mid-Ocean 
Undersea  Study  (Project  FAMOUS)  was  underway. 
Precise  base  maps  for  the  dive  expedition  were 
assembled  using  a  US  Navy  classified  multi-beam 
echo  sounder,  a  French  narrow  beam  echo-sound- 
ing system,  and  a  deeply  towed  instrument  package 
from  the  Marine  Physical  Laboratory  at  Scripps 
Institution  of  Oceanography  (University  of  Califor- 
nia, San  Diego).  I  recall  the  hushed  amazement 
aboard  the  research  vessel  Knorr  when  we  first  saw 
high-resolution,  deep-tow  depth  profiles  slowly 
burned  into  the  paper  of  our  malodorous  precision 
depth  recorders.  The  rift's  center  shape  finally  was 
revealed  clearly  as  a  deep  trough  nested  within  a 
wider  rift  valley,  which  contained  many  hills  that 
appeared  to  be  volcanic  cones.  These  sonar  records 
were  the  base  maps  for  the  dive  expedition,  and  a 
team  of  geologists  was  assembled  to  be  the  first 
mid-ocean  ridge  divers  using  Archimede  in  the 
summer  of  1973. 

Alvin  and  the  other  submersibles  certainly 
proved  their  worth  as  scientific  tools  during 
FAMOUS,  and  they  have  been  heavily  used  ever 
since.  Indeed,  the  French  and  also  the  Japanese  have 
replaced  their  original  subs  with  vehicles  that  can 
dive  twice  as  deep,  to  depths  exceeding  6,000 
meters.  The  FAMOUS  geological  work  showed  that 
the  rift  valley  is  created  by  large  faults  that  break 
through  the  newly  formed  oceanic  crust  and  that 
active  volcanoes  are  abundant  along  the  rift  valley 
floor.  The  youngest  volcanoes  form  a  narrow  zone  of 
oceanic  crustal  creation  only  1  to  2  kilometers  wide, 
remarkable  when  compared  to  the  dimensions  of 


Shaded  relief  image  of  the  fast -spreading  East  Pacific  Rise  8:- 18°  X,  view  touard  the  north- 
east. The  image  is  I .  I  (10  kilometers  long  by  about  350  kilometers  wide  and  is  based  on 
miiltibeam  echo  sounder  measurements  from  a  series  of  expeditions  occurring  during  the 
period  from  1982  to  1992.  The  East  Pacific  Rise  is  the  elevated  north-to-south  trending 
region  in  the  red-yellow  depth  range  1 2.500  to  2.700  meters).  The  Siqueiros  transform  is  in 
the  foreground  followed  by  the  9°  \  overlapping  spreading  center,  the  Clipperton  transform, 
the  1 1^5'  X  overlapping  spreading  center,  and  the  Orozco  transform  in  the  background. 

the  plates,  which  are  thousands  of  kilometers 
across.  FAMOUS  magnetic,  geochemical,  gravita- 
tional, and  seismic  studies  resulted  in  the  most 
detailed  and  comprehensive  investigation  of  a 
spreading  center  up  to  that  time.  So  much  was 
learned  that  in  1977  two  entire  issues  of  the  Bulletin 
of  the  Geological  Society  of  America  were  dedicated 
to  the  results  of  this  unprecedented  expedition. 


Shaded  relief  image  of  the  lasl-sprc 
the  northern  part  of  the  image  abo\ 
foreground:  the  I2°54'  M  overlapph 
discontinuities  offset  the  ridge  axis 
lal  ion  of  the  spreading  center  that 


ding  East  Pacific  Rise  at  12°35'to  13C  X  enlarged  from 
.  The  12°37'  N  overlapping  spreading  center  is  in  the 

g  spreading  center  is  in  the  background.  These 
illy  I  to  2  kilometers  and  define  a  fundamental  segmen- 

enl  iiurecogni/ed  until  miiltibeam  echo  sounders  were 


available.  Hie  axial  summit  trough  is  large  enough  here  (some  500  meters  wide  by  50  meters 
deep)  to  show  up  as  a  small  axis  parallel  groove  along  the  crest  of  the  East  Pacific  Rise. 


Ill-mil  .mil    \iiii-iii.ni 

Project  I  \\IOl  S 

scientists  I. ml  out  IS 

Navy  supplied  mid 

ocean  ridge  photos 

on  a  gymnasium  floor 

as  par)  ollhcir  pro- 

cruisc  planning. 


But  the  age  of  discovery  on  mid-ocean  ridges 
was  only  beginning.  Soon  after  the  FAMOUS  results 
were  reported,  Alvin  was  at  the  center  of  another 
mid-ocean  ridge  expedition,  this  time  to  the  faster- 
spreading  Galapagos  Rift  in  the  Pacific  Ocean.  Heat 
flow  measurements  indicated  that  hydrothermal 
activity  might  be  occurring  on  the  flanks  of  this 
spreading  center,  and  the  hundreds  of  microearth- 
quakes  being  recorded  there  were  thought  to  be 
hydrothermal  or  volcanic  in  origin.  Divers  aboard 
Alvin  saw  much  more  than  warm  water;  they  dis- 


covered communities  of 
benthic  fauna,  including 
"giant  tube  worms," 
which  thrive  on  the 
chemical  energy  pro- 
vided by  spreading  cen- 
ter volcanoes.  These 
were,  and  still  are,  the 
only  ecosystems  known 
to  be  based  on  chemo- 
synthesis  rather  than 
photosynthesis.  This 
discovery  spawned  new 
hypotheses  about  the 
origin  of  life  on  earth — 

-  and  the  possibility  of 

"f_   exotic  life  forms  on  other 
I  planets— that  are  still 
I   hotly  debated  today. 

Just  two  years  later,  in 
:    1979,  during  an  expedi- 
\   tion  whose  goal  was  to 
;   prove  the  usefulness  of 

-  Alvin  for  geophysical 
measurements,  the  first  high  temperature  "black 
smoker  vents"  were  discovered  on  the  East  Pacific 
Rise  near  21°N.  Our  temperature  probes  were  cali- 
brated to  30°C,  but  initial  measurements  made 
from  Alvin  soared  off-scale.  When  a  probe's  PVC 
mounting  rod  showed  signs  of  charring,  the  probe 
was  hastily  recalibrated  to  higher  temperatures. 
The  next  day,  temperatures  near  400°C  were  re- 
corded, breaking  the  previous  Galapagos  record  of 
22°C  by  a  wide  margin.  It  was  only  after  the  cruise 
that  we  learned  the  melting  temperature  ofAlvin's 
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.  I/I1///  and  I  ho  I  n  m  li 
snhmcrsihlcs  (\niin. 
slum  n  here,  and 
I nliimrdr.  a  bathy- 
scaphe, took  I'rojecl 
FAiYUH'Sdi\iiii> 
scientists  to 
the  sealloor. 

\rchirnede  made 
preliminary  dives  in 

197.'!  ami  all  three 
subs  dove  in  1974. 
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portholes  was  considerably  less  than  400°C.  Igno- 
rance can  be  bliss! 

An  important  change  in  perspective  came  from 
the  discovery  of  hydrothermal  vents  by  marine 
geologists  and  geophysicists.  It  became  clear  that  in 
studies  of  mid-ocean  ridge  tectonics,  volcanism, 
and  hydrothermal  activity,  the  greatest  excitement 
is  in  the  linkages  bettveen  these  different  fields.  For 
example,  geophysicists  searched  for  hydrothermal 
activity  on  mid-ocean  ridges  for  many  years  (includ- 
ing during  Project  FAMOUS)  by  towing  arrays  of 
thermisters  near  the  seafloor;  after  all,  someone 
looking  for  hot  water  measures  the  temperature  of 
the  water!  However,  hydrothermal  activity  was 
eventually  documented  more  effectively  by  photo- 
graphing the  distribution  of  exotic  vent  animals. 
Even  now,  the  best  indicators  of  the  recency  of 
volcanic  eruptions  and  the  duration  of  hydrother- 
mal activity  emerge  from  studying  the  characteris- 
tics of  benthic  faunal  communities.  For  example, 
during  the  first  deep  sea  mid-ocean  ridge  eruption 
when  a  submersible  was  in  the  area,  divers  did  not 
see  a  slow  lumbering  cascade  of  pillow  lavas  as 
filmed  off  Hawaii  in  "Fire  Under  the  Sea."  What  they 
saw  was  completely  unexpected:  white  bacterial 
matting  billowing  out  of  the  seafloor,  creating  a 
scene  much  like  a  midwinter  blizzard  in  Iceland, 
covering  all  of  the  freshly  erupted,  glassy,  black  lava 
with  a  thick  blanket  of  white  bacterial  "snow."  The 
RIDGE  Program  (Ridge  InterDisciplinary  Global 
Experiments)  embodies  and  promotes  the  spirit  of 
this  new  cross-disciplinary  approach  to  mid-ocean 
ridge  investigations.  (Please  see  page  7  for  informa- 
tion on  RIDGE.) 

Technological  developments  also  had  an  enor- 


mous influence  on  our  perspective.  Once  multi- 
beam  bathymetric  mapping  tools  were  available  for 
nonclassified  applications  beginning  in  1973.  we 
could  advance  beyond  the  two-dimensional  per- 
spective of  the  mid-ocean  ridge  in  cross  section.  For 
decades,  bathymetric  charts  were  artistically  as- 
sembled from  broadly  spaced  profiles.  Though  the 
now  classic  "Floor  of  the  Oceans"  chart  drawn  by 


This  photo,  taken  in 

1979  on  the  East 
Pacific  Rise  at  21°N. 
is  the  first  over  taken 
of  a  black  smoker 
vent.  Scientists  didn't 
realize  him  hot  the 
erupting  water  could 
he  until  their  tem- 
perature sensors 
came  baek  charred! 


The  Ah'in  group 
prepares  to  lilt  the 
sub  to  Ajiorr's  fantail 
for  the  trip  to  the 
Mid-Atlantic  Ridge 
dive  sites  of  Project 
FAMOUS  ( French- 
American  Mid-Ocean 
Undersea  Study)  in 
1974.  Knorr  towed 
l/r/'n  s  tender  Lulu 
to  (he  Azores,  where 
the  sub  was  trans- 
ferred back  to  its 
support  vessel. 


OCEANUS 


Author  ken 

M.II  ilim.ild.  right, 

returns  from  his  first 

dh'e  to  u  black 

smoker  vent  in  197'). 


Mid-ocean  ridges 
have  segmented  ar- 
chitect ures.  The  un- 
derlying processes 
»lill<  i  soiiiru  li.il  in 
fast- and  slow- 
spreading  centers, 
hut  in  general,  first- 
order  segments  are 
hundreds  of  kilomc 
ters  long,  persist  lor 
millions  to  lens  of 
millions  of  years  and 
are  bounded  by  rela- 
tively |  in  in. mi-ill 

rigid-plate  transform 

faults,  first-order 
segments  are  dmdcd 
into  several  second- 
or  third  order  seg- 
ments, hounded  In  a 
variety  of  nonrigid 
discontinuities.  Ihcse 
smaller  segments 
lengthen,  shorten,  or 
even  disappear  in  II) 
million  to  IIIIMIIMI 
years,  respectively.  At 
the  finest  scale. 
fourth-order  seg- 
ments, aboul  10  kilo 
meters  long,  may  sur- 
vive for  only  KM)  to 
1 0.01)0  years.  These 
segments  are  the 
products  of  dike  in 
Irnsion  events,  the 
iiniil.iiiiriil.il  units  of 
ernslal  creation. 


Marie  Tharp  and  Bruce 
Heezen  proved  to  be 
remarkably  accurate, 
what  really  happened 
between  profiles,  which 
were  often  10  to  100 
kilometers  apart,  was 
unknown.  With  multi- 
beam  bathymetric  sys- 
tems, as  many  as  100 
beams  of  sound  could  be 
collected  simultaneously 
over  a  swath  1  to  10 
kilometers  wide.  In  a 
single  pass  of  the  ship, 
up  to  100  profiles  could 
be  collected  simulta- 
neously and  each  profile 
was  only  approximately 
100  meters  from  its 
neighbors.  When  one  considers  the  finite  footprint 
of  sound  echoing  back  from  the  seafloor,  the  cover- 
age becomes  truly  continuous.  For  the  first  time  we 
could  make  maps  of  the  seafloor  with  no  significant 
gaps!  No  longer  need  we  rely  on  artistic  guesswork 
for  map  production.  Today's  multi-beam  systems 


FAST-SPREADING  CENTER 


SLOW-SPREADING  CENTER 


emit  very  narrow  individual  beams,  only  1°  to  2° 
compared  with  approximately  30°  for  older,  single- 
beam  systems  (this  is  like  comparing  a  laser  beam 
to  a  searchlight  beam).  The  footprint  of  sound  for 
each  beam  in  a  multi-beam  system  is  only  approxi- 
mately 100  meters  rather  than  several  kilometers 
across.  The  resulting  maps  are  much 
more  accurate,  and  reveal  seafloor  struc- 
ture in  much  greater  detail. 

Another  fundamental  limitation  had 
been  navigation.  Fixes  from  satellites 
and  astronomical  bodies  were  infrequent 
and  fraught  with  error,  and  there  were  no 
landmarks  out  on  the  high  seas!  Rarely 
did  you  know  where  you  were  within 
better  than  1  to  2  kilometers,  so  there 
was  no  point  in  collecting  data  at  inter- 
vals any  closer  than  that.  The  Global 
Positioning  System  (GPS)  began  to  be 
available  in  a  degraded  format  a  few 
precious  hours  per  day  at  about  the 
same  time  that  multi-beam  bathymetric 
systems  came  on  line.  Later,  as  GPS 
navigation  became  available  24  hours  per 
day  with  precise  fixes  every  2  seconds 
(compared  with  approximately  every  2 
hours  for  the  transit  satellites),  10-kilo- 
meter-wide  swaths  of  very  accurate 
seafloor  data  could  be  collected  and 
routinely  located  with  precision  for  the 
first  time.  By  the  late  1980s,  my  col- 
leagues and  1  were  explaining  to  incredu- 
lous graduate  students  what  it  was  like 
in  the  "old  days  of  being  lost  at  sea"  (the 
marine  geophysicist's  equivalent,  I  sup- 
pose, of  "walking  to  school  barefoot  in 
the  snow  going  uphill  both  ways.")  How- 
ever, our  tales  fell  on  deaf  ears  as  our 
students  complained  about  navigational 
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errors  as  large  as  50  meters  and  how  these  minus- 
cule (to  me)  errors  degraded  the  collection  of  some 
data  sets,  such  as  those  for  gravity. 

Maps  are  powerful:  They  inform,  excite,  and 
stimulate.  Just  as  the  earliest  maps  of  the  world  in 
the  sixteenth  century  ushered  in  a  vigorous  age  of 
exploration,  the  first  high-resolution,  continuous- 
coverage  maps  of  the  mid-ocean  ridge  stimulated 
investigators  from  a  wide  range  of  fields  including 
petrology,  geochemistry,  volcanology,  seismology, 
tectonics,  marine  magnetics,  and  gravity  as  well  as 
some  outside  the  earth  sciences  including  marine 
ecology,  chemistry,  and  biochemistry.  For  earth 
scientists,  the  combination  of  high  resolution  swath 
mapping  tools  and  precise  navigation  allowed  us  to 
abandon  our  fixation  with  the  straight  transects 
across  ridges  instilled  by  our  geologic  training  and 
very  much  in  vogue  during  Project  FAMOUS.  While 
such  an  approach  was  useful  in  the  early  days  and 
still  has  its  applications,  we  have  found  that  the 
most  revealing  variations  are  often  observed  by 
exploring  along  the  axis  of  the  active  ridge. 

This  new,  along-strike  perspective  reveals  the 
architecture  of  the  global  rift  system.  The  ridge  axis 
undulates  in  a  systematic  way,  defining  a  funda- 
mental partitioning  of  the  ridge  into  segments 
bounded  by  a  variety  of  discontinuities.  The  seg- 
ments can  lengthen  or  shorten,  and  they  have  cycles 
of  increased  volcanic,  hydrothermal,  and  tectonic 
activity.  The  new  maps  and  the  marine  geological 
studies  they  have  stimulated  reveal  a  hierarchy  in 
the  segmentation  of  mid-ocean  ridges.  First-order 
segments  are  generally  hundreds  of  kilometers  long, 
persist  for  millions  to  tens  of  millions  of  years,  and 
are  bounded  by  relatively  permanent,  rigid-plate 
transform  faults.  These  faults  had  been  discovered 
with  the  old  wide-beam  echo  sounders,  but  their 
structural  complexity  and  influence  on  neighboring 
ridge  segments  could  not  be  appreciated  without 
the  new  generation  of  maps. 

As  illustrated  at  left,  a  first-order  segment  is 
usually  divided  into  several  second-  or  third-order 
segments  that  survive  for  less  than  10  million  years 
to  less  than  approximately  100,000  years,  respec- 
tively. These  smaller,  less  permanent  segments  are 
bounded  by  a  variety  of  nonrigid  discontinuities  that 
can  migrate  along  the  length  of  the  ridge.  Thus  these 
finer  scale  segments  can  lengthen,  shorten,  or  even 
disappear  completely.  At  the  finest  scale,  fourth- 
order  segments,  which  are  on  the  order  of  10  kilome- 
ters long,  may  survive  as  distinct  conduits  for 
crustaJ  accretionary  processes  for  only  100  to  10,000 
years.  These  segments  are  the  products  of  a  series  of 
dike  intrusion  events,  the  fundamental  units  of 
crustal  creation.  Dikes  form  when  molten  material 
rises  through  vertical  cracks  and  fissures.  The  lon- 
gevity of  these  fourth-order  segments  and  associ- 
ated cycles  of  magmatic,  volcanic,  tectonic,  and 
hydrothermal  activity  exert  a  controlling  influence 


RIDGE 


The  RIDGE  (Ridge  Inter-Disciplinary 
Global  Experiments)  Program,  a  major 
National  Science  Foundation  (NSF) 
initiative,  was  established  "to  under- 
stand the  geophysical,  geochemical,  and 
geobiological  causes  and  consequences 
of  the  energy  transfer  within  the  global 
rift  system  through  time."  The  program 

was  developed  at  a  1987  National  Academy  of  Sciences  workshop;  its  first 
research  cruises  sailed  in  1991,  and  its  current  science  plan  continues 
through  2003.  To  date,  RIDGE  research  has  been  conducted  by  120  scien- 
tists based  at  some  50  institutions. 

RIDGE's  objectives  are  twofold:  1 )  to  provide  a  focus  for  coordinated, 
interdisciplinary  research  into  the  geologic  and  geodynamic  processes 
related  to  the  creation  of  oceanic  lithosphere,  and  2)  to  provide  a  frame- 
work within  which  diverse,  innovative,  investigator-initiated  research  can 
be  undertaken.  Some  specific  achievements  of  the  RIDGE  Program  over 
the  past  five  years  include: 

•  Discovery  of  unexpectedly  rapid  changes,  especially  in  hydrothermal 
activity  and  vent  communities,  in  the  immediate  aftermath  of  an  eruption. 

•  Real-time  monitoring  and  response  to  magmatic  events  on  ridges  in  the 
Northeast  Pacific  (in  collaboration  with  the  National  Oceanic  and  Atmo- 
spheric Administration). 

•  Discovery  of  a  subsurface  microbial  biosphere  within  the  oceanic  crust, 
representing  a  biomass  previously  unknown  on  Earth. 

•  Recognition  of  the  wide  range  of  tectonic  settings  and  diversity  of  fauna 
associated  with  Mid- Atlantic  Ridge  hydrothermal  areas. 

•  Development  of  quantitative,  observation-based  models  that  explain  the 
sensitivity  of  ridge  axis  topography  to  variables  such  as  spreading  rate, 
magma  supply,  and  axial  thermal  structure. 

•  Establishment  of  a  global  digital  database  for  mid-ocean  ridge  bathymet- 
ric  data  for  specific  parts  of  the  global  ridge  system. 

•  Definition  of  the  small  size  of  crustal  magma  bodies  at  even  the  fastest 
spreading  ridges. 

•  Recognition  of  the  importance  of 
buoyancy-driven  flow  in  controlling 

both  the  narrowness  of  mantle  upwelling  in  a 
cross-axis  sense  and  the  three-dimensionality 
of  upwelling  along-axis. 

•  Mapping  and  reconnaissance  rock 
sampling  of  previously  unexplored 
supersegments  (long  segments  that 
typically  extend  1,000  to  2,000 
kilometers)  in  the  global  mid-ocean 
ridge  system. 

•  The  first  measurements  of  plate 
motion  on  a  mid-ocean  ridge. 

•  Provision  of  the  first  images  of  melt 
distribution  in  the  upper  mantle  be- 
neath a  mid-ocean  ridge  by  the  MELT 
(Mantle  ELectromagnetic  and  Tomog- 
raphy) Experiment. 

A  complete  list  of  RIDGE 
research  grants  may  be  found  on 
the  World  Wide  Web  at: 
http://ridge.unh.edu 

— Susan  Hinnphris,  Senior  Scientist, 

Geology  and  Geophysics  Department 


Tin-  KIIXiK  Program  is  compiling  a 
digital  database  of  mid-ocean  ridge 
halliv metric  data,  as  ui-ll  as  high-quality 
images  of  specific  parts  of  the  ridge 
system,  such  the  C'oAxial  segment  of  I  he 
I  ii.ii  i  dr  I  in  . i  Ridge  (above)  off  the  coast 
of  Washington  State.  In  199:5.  research 
cruises  were  hurriedly  dispatched  to  the 
C'oAxial  segment  to  make  the  first 
observations  of  an  undersea  erupt  ion  as 
it  happened.  (See  story  on  page  20. ) 


National  Geographic 
photographer  Fmory 
Krisloff  captured 
some  ol  the  I'rojecl 
FAMOUS  men  (see 
"The  Women  of 
FAMOUS"  opposite) 
examining  freshly 
collected  mid-ocean 
ridge  lava  on  the  deck 
of  ,-l/rirrs  tender  l.ulu. 
Left  to  right  they  are: 
Bill  Bryan.  Bob 
Ballard.  ship's  cook 
(ins  Ocampo.  Jerry 
van  Andel  of  Oregon 
Stale  University  (now 
at  Cambridge  Univer- 
sity), and  Jim  Moore 
of  the  United  Slates 
(ieological  Survey. 
Menlo  Park.  The  face 
to  I  In  left  of  )im 
Moore's  cap  belonged 
to  George  Gibson  of 
the  Alvin  group. 


on  the  distribution  and  survival  of  exotic  benthic 
faunal  communities  that  flourish  in  the  dark,  cold, 
hostile  environment  of  the  mid-ocean  ridge. 

As  investigations  continue,  we  are  seeing  more 
evidence  for  important  linkages  between  very  di- 
verse kinds  of  observations.  These  include: 

•  ridge  crest  axial  depth. 

•  cross-sectional  area  of  the  ridge  (a  proxy  for  mag- 
matic  budget  on  fast-spreading  ridges), 

•  crustal  thickness, 

•  geochemistry  and  inferred  eruption  temperature 
of  lavas, 

•  measurements  of  crustal  magnetization. 

•  characteristics  of  near-axis  faulting  such  as  along 
strike  variations  in  the  heights  of  fault  scarps, 

•  the  widths  and  inferred  depths  of  cracks  and 
fissures  along  the  axis, 

•  lava  ages, 

•  presence  or  absence  of  a  crustal  axial  magma 
chamber  (or  melt  lens), 

•  intensity  of  hydrothermal  activity,  and 

•  abundance  of  hydrothermal  vent  communities. 
Today,  marine  geophysicists  and  geochemists  often 
attend  the  talks  of  benthic  ecologists  and  vice  versa; 
this  was  very  unusual  20  years  ago.  So,  in  spite  of 
recent  budgetary  traumas,  mid-ocean  ridge  re- 
search is  more  exciting  and  more  interdisciplinary 
than  ever  before. 

We  have  now  mapped  nearly  one-half  of  the 
global  mid-ocean  ridge  system  along  a  narrow  corri- 
dor that  defines  the  spreading  center  plate  bound- 
ary, a  remarkable  advance  considering  we  had 


mapped  less  that  one  percent  of  the  system  only  a 
decade  ago.  But  we  have  explored  with  submersibles 
or  remotely  operated  vehicles  less  than  one  percent 
of  this  fascinating  zone  of  crustal  plate  creation 
where  more  than  90  percent  of  the  earth's  volcanic 
activity  rumbles  on.  Outside  this  narrow  ribbon,  on 
the  flanks  of  the  mid-ocean  ridge  system,  less  than 
one  percent  has  been  mapped  and  less  than  .001 
percent  has  been  explored.  Compare  this  with  the 
mapping  of  the  surface  of  Venus — which  is  close  to 
100  percent  complete.  The  low-resolution  view  of 
the  global  seafloor  provided  by  recently  published 
GEOSAT  maps  provides  a  host  of  tantalizing  targets 
for  further  investigation. 

I  suspect  that  some  of  the  most  exciting  discov- 
eries lie  ahead  in  the  near  future.  What  a  great  time 
to  be  a  marine  geologist  (if  you  can  get  a  job)! 

Both  the  National  Science  Foundation  and  the  Office  of 
Naval  Research  support  mid-ocean  ridge  tectonic  studies. 

Ken  Macdonald  graduated  in  1975 from  the  MIT/WHOI  Joint 
Program  in  Oceanography  and  has  since  served  a  dozen  years  as 
a  member  of  the  Woods  Hole  Oceanographic  Institution  Corpora- 
tion. He  has  had  the  pleasure  of  seeing  several  of  Ins  undergradu- 
ate students  go  on  to  the  Joint  Program,  and  several  of  his  gradu- 
ate students  join  scientific  staffs  at  Woods  Hole  and  elsewhere. 
Ken  has  led  over  20  deep-sea  expeditions  and  has  had  the  good 
fortune  to  participate  in  some  of  the  first  explorations  of  the  mid- 
ocean  ridge  using  multi-beam  echo  sounders,  remotely  operated 
vehicles,  and  submersibles.  He  says  he  finds  mid-ocean  ridges  as 
exciting  and  mysterious  as  when  he  first  encountered  them — and 
experiences  delusions  of  understanding  how  they  work  that  are 
short-lived  and  illusive. 
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lanvii  Aht  liter  I right  I  und  R/V  knurr  shipiiuilr  look  «ner  mid-ocean  ridge  rocks. 


The  Women  of  FAMOUS 

Remembrance  of  Times  Past 

Kathryn  D.  Sullivan 

President  &  CEO,  Center  of  Science  &  Industry  (COSI),  Columbus,  Ohio 


I  visited  the  research  vessel  Knorr  during  a  Woods  Hole 
port  call  in  May  1997,  twenty-three  years  almost  to  the 
day  since  Paul  Johnson  (now  at  the  University  of  Wash- 
ington) and  I  had  first  gone  aboard  the  ship  to  install 
paleornagnetics  equipment  that  Dalhousie  University  had 
committed  to  Project  FAMOUS  (French-American  Mid- 
Ocean  Undersea  Study).  Knorr  has  been  stretched  since 
then,  and  is  no  longer  propelled  by  cycloids,  but  the  labs 
and  passageways  were  still  familiar  enough  to  bring  back 
vivid  memories. 

My  FAMOUS  story  begins  during  my  first  year  in  graduate 
school  at  Dalhousie  University  in  Nova  Scotia.  I  was  develop- 
ing a  thesis  proposal  to  study  the 
geochemistry  of  a  deep  drill  core 
that  had  been  recovered  from  a 
volcano  on  the  island  of  Sao  Miguel 
in  the  Azores.  Fab  Aumento.  my 
supervisor,  knew  that  I  needed  to  do 
some  fieldwork  to  verify  the  project's 
feasibility,  and  that  I  loved  to  work  at 
sea.  So  he  suggested  that  I  be  one  of 
the  Dalhousie  group  supporting 
FAMOUS.  Of  course,  I  accepted 
immediately!  A  few  weeks  later, 
Dalhousie  Postdoctoral  Fellow  Paul 
Johnson  and  I  set  off  for  WHOI  to 
install  our  suite  of  paleornagnetics 
gear  aboard  the  ship. 

Women  at  sea  were  bv  no  means 


The  FAMOUS  Women  (1974) 

Susan  H.  Anderson,  Administrative  Coordinator. 
Woods  Hole  Oceanographic  Institution 

Margaret  Leinen.  Graduate  Student, 

Oregon  State  University 
Rosamund  F.  Corr.  Research  Associate, 

Harvard  University 

Patricia  A.  McGraw,  Graduate  Student, 
Dalhousie  University 

Helen  C.  Hays.  Senior  Research  Assistant, 
Woods  Hole  Oceanographic  Institution 

Tanya  M.  Atwater,  Assistant  Professor, 
Massachusetts  Institute  of  Technology 

Anne  L.  Holland.  Research  Assistant. 
Harvard  University 

Kathryn  D.  Sullivan.  Graduate  Student. 
Dalhousie  University 


commonplace  in  the  early  1970s.  Knorr's  scientific  rosters 
show  that  38  people  sailed  as  members  of  the  scientific 
parties  during  the  various  FAMOUS  voyages.  The  eight 
women  among  them  probably  represent  the  first  significant 
female  participation  at  sea  in  a  large  Oceanographic  pro- 
gram. We  were  quite  a  diverse  group.  AH  of  us  had  been  to 
sea  before,  but  our  experience  level  varied  from  that  of  se- 
nior technical  staff  (like  Helen  Hays  and  Rosamund  Corr)  to 
very  junior  graduate  students  (Margaret  Leinen,  Pat 
McGraw,  and  Kathy  Sullivan).  Our  jobs  included  surveying, 
coring  and  dredging,  data  and  sample  logging,  subsampling, 
and  initial  analysis.  I'm  sure  we  all  dreamt  of  diving  in  Alvin, 
but  that  was  not  to  be.  None  of  us 
had  been  in  on  the  front  end  cruise 
planning  and  proposals,  for  one 
thing.  But,  even  if  we  had  been,  the 
belief  at  the  time  was  that  women 
could  not  be  supported  aboard  Lulu, 
Alvin's  catamaran  tender,  ostensibly 
because  of  a  lack  of  facilities.  "Lack 
of  facilities"  was  the  euphemism 
commonly  used  in  those  days  for 
"there's  no  bathroom  devoted  to 
females"  (as  if  any  of  our  home  bath- 
rooms were  devoted  to  females). 

FAMOUS  was  by  no  means  just 
another  cruise.  It  was  a  very  high 
profile  effort,  involving  the  first  use 
of  manned  submersibles  for  mid- 


OCEANUS 


Rosamund  Corr  analyzed  near-bottom 
water  and  sediment  samples  for  Heinrich 
I).  Holland  ol  Harvard  I'nivcrsily  ahoard 
K/\r  Kiiorr  during  Project  FAMOUS. 


ocean  ridge  research, 
substantial  interna- 
tional collaboration,  and 
major  national  media 
interest.  (At  the  time. 
1  considered  the  term 
"manned"  to  encompass 
all  human  beings — now 
the  phrase  we  use  is 
"human  occupied.")  All 
these  factors  combined 
to  create  considerable 
-.  pressure  to  succeed 
=   both  on  Woods  Hole  as 
I  an  institution  and  on 
I    the  cruise  leaders  indi- 
i   vidually.  It's  clear  in 
:    hindsight  that  these 
1   factors  had  some  major 
5   effects  on  shipboard 
:   policies  and  individual 
behavior,  though  I,  for 
one,  really  didn't  recog- 
nize this  at  the  time  and 
attributed  some  events 


to  people  being  very  heavy-handed  about  rank  or  adverse  to 
having  women  aboard.  For  example,  Margaret  Leinen  and  I 
were  once  enlisted  to  haul  crates  of  dive  samples  into  a  lab 
and,  of  course,  took  advantage  of  the  moment  to  pick  up  one 
or  two  of  them  for  a  look.  When  one  of  the  senior  diving 
scientists  found  us  at  this,  we  got  seriously  chewed  out.  This 
seemed  to  me  like  a  great  overreaction,  and  one  that  would 
never  have  happened  to  a  male  mem- 
ber of  the  scientific  party.  I've  since 
learned  that  there  was  an  explicit 
cruise  policy  (which  was  not  explained 
to  us  when  we  came  aboard)  that 
samples  were  never  to  be  handled  until 
they  were  properly  tagged  and  logged 
in  by  the  curators,  and  that  plenty  of 
folks  got  chewed  out  for  violating  it. 
There  were,  of  course,  some  times 
when  a  gender  bias  was  quite  apparent 
during  the  cruise.  Knorr's,  bos'n 
wouldn't  allow  Leinen  to  assist  with 
the  deployment  of  the  coring  gear 
because  women,  he  said,  were  a  dis- 
traction on  the  fantail.  He  drew  a  chalk 
line  across  the  deck  and  told  her  to 
stay  behind  it.  (Since  one  of  his  good 
friends  subsequently  married  Marga- 
ret, he  is  reminded  of  this  frequently!). 
And  then  there  was  the  VIP  in-port 
visit  near  the  end  of  the  expedition 
with  many  senior  officials  from  both 
France  and  the  US  scheduled  to  come 
aboard.  The  captain's  wife  stopped  me 


in  the  lab  the  day  we  made  port  and  informed  me  that  I  was 
to  serve  hors  d'oeuvres  during  the  VIP  reception.  Needless  to 
say,  I  didn't  take  too  kindly  to  this  suggestion.  Mustering 
what  few  shreds  of  civility  I  could,  I  tersely  told  her  that  I 
planned  to  be  representing  my  university  in  the  laboratory, 
and  other  waitresses  would  have  to  be  found.  WHOI  scientist 
Bill  Bryan  came  to  my  aid,  peeling  me  off  the  ceiling  and 
deflecting  any  further  requests  for  members  of  the  scientific 
party  to  be  cross-assigned  into  the  mess  division. 

On  my  four  previous  cruises  I  had  felt  well  accepted  as  a 
member— albeit  a  junior  one— of  the  scientific  party.  The 
FAMOUS  experience  brought  valuable  early  lessons,  happily 
through  minor  and  silly  incidents,  about  how  gender  and 
seniority  are  sometimes  played  against  an  individual. 
Though  I  didn't  like  it  at  the  time,  the  experience  toughened 
me  up  and  made  me  think  about  how  to  handle  such  situa- 
tions in  the  future. 

When  asked  to  write  this  piece,  I  got  in  touch  with  several 
FAMOUS  shipmates,  male  and  female,  and  collected  a  won- 
derful array  of  memories  and  anecdotes  from  several  of  them. 
The  pressures,  difficulties,  personal  challenges  now  all  sit  in  a 
broader  perspective  for  all  of  us,  and  we  are  glad  we  got  to  be 
a  part  of  such  a  pivotal  expedition.  At  least  one  of  the 
FAMOUS  women  has  passed  on  (Helen  Hays),  and  I've  lost 
track  of  a  few.  Tanya  Atwater  left  MIT  some  years  later  and  is 
now  professor  of  geological  sciences  at  the  University  of 
California,  Santa  Barbara.  Margaret  Leinen  finished  her 
master's  degree  at  Oregon  State  and  went  on  to  a  Ph.D.  at  the 
University  of  Rhode  Island  (URI).  She  joined  the  URI  faculty 
and  is  now  the  Vice  Provost  for  Marine  Programs  and  Dean 
of  the  Graduate  School  of  Oceanography. 

As  for  me,  I  finished  my  Ph.D.  at  Dalhousie  and  went  into 
the  space  program,  thinking  I  was 
giving  up  my  dreams  of  diving  in  Alvin 
for  the  chance  to  fly  in  space.  I  was 
pleased  to  find  that  "facilities"  were 
not  a  problem  in  anybody's  mind 
aboard  space  shuttles,  despite  infi- 
nitely more  crowded  spaces  and  less 
privacy.  But  by  some  great  good  for- 
tune, and  to  my  great  delight,  I  would 
meet  Alvin  again— 22  years  after 
FAMOUS— for  a  dive  on  the  active 
»   vent  fields  of  the  East  Pacific  Rise.  In  a 
f    clear  triumph  of  common  sense,  the 
"facilities  problem"  has  evaporated. 
\  More  to  my  delight,  women  are  now 
I   aboard  (at  least  at  WHOI)  as  members 
':   of  ships'  companies  and  scientific 
=    parties,  as  graduate  students  diving  in 
;   Alvin.  and  as  chief  scientists. 


Susan  Anderson,  at  right,  joins  scientists  and  crew 
observing  preparation  of  sampling  gear  aboard 
R/'V  kutirr  in  147 1.  Susan  was  Administrative 
Coordinator  for  \\  HOI  (ivology  X:  Geophysics 
Deparl  nienl  I  hair  James  R.  Ileirl/ler.  US  Chief 
Scientist  for  Project  KVMOl'S. 


Following  a  stint  as  Chief  Scientist  for  the  Na- 
tional Oceanic  and  Atmospheric  Administration. 
Kathy  Sullivan  moved  to  her  current  position  at 
COS/,  one  of  the  country's  leading  hands-on 
science  centers.  She  is  also  a  member  of  the 
WHOI  Corporation. 
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Mid- Atlantic  Ridge  Volcanic  Processes 

sAnatomy 


Deborah  K.  Smith 

Associate  Scientist,  Geology  &  Geophysics  Department 

Johnson  R.  Cann 

Adjunct  Scientist.  Geology  &  Geophysics  Department 

On  the  islands  of  Iceland  and  Hawaii,  the 
location  and  distribution  of  eruptive  fis- 
sures and  vents,  lava  flows,  and  other  vol- 
canic features  provide  critical  pieces  of  information 
for  understanding  how  magma  is  supplied  to  the 
shallow  crust  and  subsequently  erupted  at  the 
surface.  Mid-ocean  ridge  segments,  which  are  in 
some  ways  single  volcanoes— although  long  and 
narrow  compared  to  subaerial  (land)  volcanoes- 
are  not  as  well  known,  primarily  because  they  lie  at 
water  depths  of  2,500  meters  or  more.  With  ad- 
vanced imaging  techniques,  we  are,  however,  now 
obtaining  data  over  relatively  large  areas  of  the  mid- 
ocean  ridges  at  the  scales  necessary  to  make  the 
same  kinds  of  observations  and  inferences  about 


magmatic  and  volcanic  processes  there  as  we  do  at 
subaerial  volcanoes. 

High-resolution  side-scan  sonar  imagery  com- 
bined with  multibeam  bathymetry  is  providing 
critical  new  views  of  the  seafloor  and  changing  our 
ideas  about  how  the  oceanic  crust  forms  at  the 
slow-spreading  (25  millimeters  per  year,  about  the 
rate  fingernails  grow)  Mid-Atlantic  Ridge.  These 
data  also  enable  the  design  of  future  detailed  geo- 
physical and  geochemical  Mid-Atlantic  Ridge  stud- 
ies at  the  same  scale  used  to  understand  subaerial 
volcanic  eruptions. 

The  Mid-Atlantic  Ridge  is  composed  of  discrete 
spreading  segments  that  are  tens  of  kilometers  long, 
and  offset  by  transform  faults  and  nontransform 
offsets.  The  axis  of  the  Mid-Atlantic  Ridge  is  marked 
by  a  major  rift  valley  1  to  1.5  kilometers  deep,  a 
central  floor  4  to  15  kilometers  across,  and  ranges  of 
crestal  mountains  on  each  side  of  the  valley  sepa- 
rated by  20  to  40  kilometers.  The  median  valley  walls 
are  composed  of  large  faults  that  move  the  crust 


\i ..I  \i l.uii i.  r.iiin,- 
axis  cross  seel  ion. 
Km. MI  1 1  llir  surface, 
dikes  (magma  con- 
duits) rise  vrrlicully 
and  propagate  along 
the  axis  from  a 
magma  body.  Three 
dikes  are  shown  in 
detail.  The  most 
recent  is  the  one  to 
the  right,  shaded 
yellow-orange.  Where 
a  dike  breaches  the 
surface,  a  fissure 
erupt  ion  occurs. 
Older  flows  are 
transparent.  Hum- 
mocky  ridges  and 
seamoiinls  are  built 
along  the  axis.  Sea- 
mounts  and  II. ii 
topped  highs  on  the 
flanks  of  I  ho  axial 
volcanic  ridge  are  led 
by  lava  tubes  from 
the  summit 
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Three-dimensional  perspective  \ievv  ofsiclc-scan  sonar  dala  mapped  onto  the  color  bathymetric  siirl'ace  tor  a  portion  ol  I  lie  inner 
valley  floor  of  a  spreading  segment  near  29°  N  at  I  he  Mid-Atlantic  Ridge.  The  area  of  the  image  is  l.i  kilometers  east  to  west  and 
I  ,'i  kilometers  north  to  south.  Several  side-scan  sonar  swaths  have  been  merged  together  across  the  image.  Bright  is  a  reflection, 
and  dark  is  a  shadow  or  attenuated  return  from  sediment -covered  terrain.  The  eratered  seanionnl  (\olcano)  marked  on  the  image 
is  alioul  22(1  meters  in  relief  with  a  summit  crater  some  MM)  meters  in  diameter.  A  hummock)  -textured  axial  volcanic  ridge  Hinds 
its  way  along  the  valley  floor,  and  volcanic  highs  extend  to  the  east  and  west  from  the  axial  volcanic  ridge  into  its  Hanking  deeps. 


most  of  the  fast- 
spreading  ridges 
(where  spreading 
rates  average  100 
millimeters  per  year). 

These  two  types 
of  small  scale  mor- 
phology are  as- 
sembled into  a  great 
variety  of  larger 
forms.  The  round, 
domelike  structures 
are  small  volcanoes 
composed  some- 
times of  hummocks 
and  sometimes  of 
smooth  flows.  Some 
of  them  have  flat  tops 
with  craters  in  the 
middle,  some  rise  to 
sharp  peaks.  Lava 
flows  run  beyond  the 
edges  of  the  domes 


Side-scan  sonar  image 
ol  a  small  volcanic 
ritlge  that  is  located 
within  the  central 
Inn  of  a  spreading 
segment  near  25"  N. 
Illumination  is  from 
I  he  right.  I  lie  ridge  is 
about  3.3  kilometers 
long.  KM)  meters  wide, 
and  .'ill  meters  high. 
The  along-axis  orien- 
tal ion  ol  the  ridge 
mimics  neighboring 
faults  and  fissures, 
and  il  is  inferred  to 
have  erupted  Ironi 
similar  fissures.  The 
smooth,  unlaiillcd 
lltms  surrounding  the 
ridge  are  interpreted 
to  he  part  of  the 
erupt  ion  that  built  the 
ridge.  Tlie.se  flows 
cover  pre-existing 
l.inll  s  .mil  tissures. 
Information  about  the 
small-scale  volcanic 
products  and  faults 
gained  from  images 
such  as  these  provide 
insight  into  the 
processes  of 
niagnialism  and 
Icclonismal  the 
axis  of  the  Mid- 
Atlantic  Ridge. 


upwards  to  form  the  crestal  mountains.  The  central 
valley  floor  is  the  primary  site  of  ocean  crust  con- 
struction, and  most  segments  contain  an  axial  vol- 
canic ridge  that  runs  down  the  center  of  the  median 
valley  floor.  The  axial  volcanic  ridges  are  themselves 
made  up  of  smaller  ridges,  round  domes,  and  a  vari- 
ety of  topographic  features 
that  all  amalgamate  into  a 
single  larger  ridge.  Axial  volca- 
nic ridges  may  be  2  to  4  kilo- 
meters across  and  100  to  600 
meters  high,  and  represent  a 
very  much  larger  scale  of  volca- 
nic relief  than  found  on  fast- 
spreading  ridges,  which  are 
characterized  mainly  by  flat- 
lying  flows. 

Near-bottom  sidescan 
sonar  data  collected  at  seg- 
ments of  the  slow-spreading 
Mid-Atlantic  Ridge  are  provid- 
ing images  that  show  volcanic 
structures  on  the  floor  of  the 
median  valley  in  unprece- 
dented detail.  At  a  small  scale, 
there  are  two  types  of  volcanic 
features:  Some  are  composed 
of  lava  hummocks  50  to  200 
meters  in  diameter  and  at 
most  10  to  20  meters  high, 
while  other  features  are  coated 
with  smooth  lava  flows,  in- 
cluding one  we've  imaged  that 
covers  most  of  the  median 
valley  floor.  The  smooth  flows 
are  similar  to  those  seen  over 


and  across  the  surrounding  seafloor,  forming  brims 
around  the  volcanoes.  A  range  of  other  features  are 
linear  in  plan,  elongate  parallel  to  the  length  of  the 
segment,  and  probably  represent  eruptions  along  a 
fissure.  Commonly  seen  in  Hawaii  and  Iceland, 
these  are  often  composed  of  a  row  of  hummocks 
that  resemble  a  caterpillar. 
Some  segments  have  a 
greater  abundance  of  one 
type  of  feature  than  others. 
A  segment  near  29°N  has  a 
pronounced  axial  volcanic 
ridge  primarily  composed  of 
hummocks  and  a  few  large 
circular  volcanoes  whose 
surfaces  are  covered  with 
smooth  flows.  The  axial  vol- 
canic ridge  widens  and  nar- 
rows along  its  length,  but  is 
typically  a  few  kilometers 
wide  and  about  150  meters 
high.  In  places,  topographic 
highs  that  are  flat-topped  and 
covered  with  smooth- 
textured  flows  extend  east 
and  west  from  the  base  of  the 
axial  volcanic  ridge. 

By  contrast,  a  segment  at 
25°  N  was  flooded  not  long 
ago  by  smooth  lava  flows  that 
are  topped  by  a  variety  of 
small,  more  recently  erupted 
features.  It  is  intriguing  that 
these  two  segments,  which 
spread  apart  at  the  same  rate, 
have  dramatically  different 
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volcanic  styles:  hummocky  flows  and  the  construc- 
tion of  an  axial  volcanic  ridge  at  29°  N  compared 
with  flows  that  are  flat-lying  and  spread  away  from 
their  vents  at  25°  N.  It  is  also  interesting  that  the 
small-scale  volcanic  morphology  at  the  center  of  the 
25°  N  segment  is  similar  to  that  observed  commonly 
at  fast-spreading  ridges.  This  indicates  that  the 
correlation  between  style  of  eruption  and  variables 
such  as  volume  of  erupting  magma  and  rates  of 
effusion  from  the  vent  can  blur  the  effects  of 
spreading  rate  on  eruptive  styles— indeed  eruptive 
styles  can  be  similar  at  times  between  fast-  and 
slow-spreading  ridges  and  different  between  ridge 
segments  with  the  same  spreading  rate. 

How  do  the  volcanic  features  we  observe  on  the 
seafloor  form?  An  eruption  occurs  when  magma 
moves  upwards  and  along  the  segment  through  a 
dike  or  vertical  crack,  intersects  the  seafloor.  and 
flows  onto  the  surface  through  a  fissure.  We  know 
the  characteristics  of  fissure  eruptions  on  land,  and 
envision  that  the  same  processes  are  at  work  on  the 
seafloor.  At  the  start  of  a  fissure  eruption  the  flows 
are  vigorous,  and  tend  to  spread  out  rapidly.  If  the 
fissure  eruption  continues  for  some  period  of  time, 
it  will  evolve  first  to  several  vents  and  then  to  a 
single  vent,  and  with  time  the  flow  will  decrease  in 
vigor.  Magma  overflowing  from  the  vent  at  low  to 
moderate  rates  will  tend  to  concentrate  into  chan- 
nels. If  the  flow  is  steady,  the  channel  may  roof  over 
to  form  a  lava  tube. 

Low-relief  flows  are  likely  produced  at  the  start 
of  an  eruption  when  the  flows  are  fast  and  tend  to 
spread  out  rapidly.  Hummocky  ridges  are  formed 


Median  Valley 
Smooth  Flows 


when  the  fissure  eruption  becomes  confined  to 
several  vents  along  its  length,  similar  to  spatter 
cones  or  spatter  ramparts  that  form  along  fissures 
in  Iceland  and  Hawaii.  A  large  circular  volcano 
(seamount)  is  constructed  when  the  lava  flows  from 
a  single  opening,  much  like  the  flow  from  the  Pu'u 
'O'o  cone  that  marks  the  current  vent  on  the  East 
Rift  Zone  of  Kilauea  Volcano  in  Hawaii.  Surface 
flows,  hummocky  ridges,  and  seamounts  are,  there- 
fore, constructional  products  of  a  fissure  eruption. 
At  larger  scales,  axial  volcanic  ridges  are  built  from 
many  eruptions  that  are  focused  within  a  relatively 
narrow  region  of  the  central  valley  floor. 

Because  lava  tubes  and  channels  are  common  on 
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Debbie  Smith 

explores  volcanic 
terrain  in  Iceland. 
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Three-dimensional 

perspective  view  of 
side-scan  sonar  data 
mapped  on  to  a  color 
balhymelric  surface 
fora  portion  of  the 
inner  valley  floor  of  a 
spreading  segment 
near  25  Nat  the  Mid- 
Atlantic  Ridge.  The 
area  of  the  image  is 
15  kilometers  east  to 
west  and  22  kilome- 
ters north  to  south. 
The  morphological 
center  of  this  segment 
is  a  topographic  low 
filled  with  smooth- 
textured  flows  that 
are  extensively 
fissured  and  faulted. 
Isolated  volcanic 
features  sit  strati- 
graphically  on  lop  of 
the  smooth  flows. 
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Side-scan  sonar 
image  of  a  volcanic 
ridge  made  up  of 
small  individual 
hummocks.  This 
segmentation  causes 
the  ridge  to  look  like  a 
caterpillar.  Illumina- 
tion is  from  I  he  top. 
Hie  ridge  is  about  1 
kilometer  long  and  20 
meters  high.  Initially, 
surface  (lows  erupt 
along  the  length  of 
the  fissure.  Eruption 
conditions  rapidly 
evolve,  however,  and 
individual  hummocks 
form  u  lirn  lava 
begins  to  erupt  Irom 
discrete  vents. 


Caterpillar  Ridge 


subaerial  volcanoes,  they  are  likely  to  be  common  at 
mid-ocean  ridges  as  well.  Lava  tubes  probably  feed 
the  flows  that  regularly  coat  the  flanks  of  the  axial 
volcanic  ridges,  and  are  likely  the  sources  of  the  lava 
that  built  the  semicircular  topographic  highs  extend- 
ing east  and  west  from  the  base  of  the  axial  volcanic 
ridge  in  the  segment  near  29° N.  The  fields  of  hum- 
mocks observed  on  the  surface  of  the  majority  of 
Mid-Atlantic  Ridge  flows  may  be  equivalent  to  the 
fields  of  "tumuli"  that  are  common  in  Iceland  and 
Hawaii.  Tumuli  form  where  fluid  pressure  within  a 
lava  tube  or  lava  flow  increases  sufficiently  to  cause 
the  basaltic  rock  that  forms  the  surface  to  swell  and 
crack.  Tumuli  are  typically  a  few  meters  high  but  can 
reach  heights  of  10  meters,  and  they  are  elongate  to 
near-circular  in  plan  shape.  Lava  can  squeeze  out  of 
the  cracked  surface,  covering  a  tumulus  and  giving  it 
the  appearance  of  a  small  vent. 

Determining  the  importance  of  tubes  and  chan- 
nels in  transporting  lava  away  from  the  site  of  erup- 
tion, and  determining  whether  or  not  the  hum- 
mocky  surface  textures  observed  in  the  seafloor 
imagery  are  tumuli  or  not,  awaits  more  detailed 
imaging  and  sampling  such  as  that  done  on  Serocki 
Volcano  located  near  22°  N  on  the  Mid- Atlantic 
Ridge.  Geochemical  evidence  suggests  that  this  flat- 
topped  volcano  is  fed  by  lava  that  erupted  initially 
at  the  summit  of  the  axial  volcanic  ridge  and  flowed 
through  a  tube  about  a  distance  of  a  kilometer 
before  the  tube  became  blocked,  broke,  and  allowed 
lava  to  pour  out  and  form  the  volcano. 

What  do  we  know  about  the  difference  in  erup- 
tive style  between  fast-  and  slow-spreading  mid- 
ocean  ridge  segments?  Because  fast-spreading 
ridges  are  characterized  primarily  by  low-relief 
flows,  we  think  that  eruptions  there  are  typically 
vigorous  and  last  only  a  short  time.  Hummocky 
ridges  are  built  at  fast-spreading  ridges,  however,  so 
that  at  times  fissure  eruptions  must  continue  and 
become  restricted  to  a  few  vents  that  build  these 
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features.  Seamounts  are  rare  at  the  axis  of  fast- 
spreading  ridges.  By  contrast,  the  domelike  volca- 
noes, common  hummocks,  and  generally  complex 
volcanic  topography  of  the  Mid-Atlantic  Ridge 
would  arise  from  eruptions  that  start  out  vigorously 
to  produce  low-relief  flows  and  evolve  to  form  hum- 
mocky  ridges  and  seamounts.  As  the  eruption  con- 
tinues at  a  moderate  rate,  tubes  develop  that  trans- 
port lava  to  the  flanks  of  the  axial  volcanic  ridges 
and  coat  their  surfaces  with  a  variety  of  volcanic 
features,  some  of  which  generate  fields  of  tumuli. 

Recent  enhancements  to  the  capabilities  of  near- 
bottom  side-scan  sonar  systems  are  now  making  it 
possible  to  obtain  co-registered,  fine-scale  bathy- 
metry in  conjunction  with  high-resolution,  side- 
scan  imagery.  As  more  of  these  data  are  collected, 
we  will  be  able  to  constrain  the  sizes  and  shapes  of 
the  small-scale  volcanic  features,  and  make  more 
rigorous  comparisons  to  subaerial  features.  Within 
the  context  of  these  data,  it  will  be  possible  to  de- 
sign future  geophysical  and  geochemical  experi- 
ments on  the  same  scale  as  those  currently  con- 
ducted at  subaerial  volcanoes.  Studies  such  as 
these,  in  combination  with  existing  data,  will  rap- 
idly advance  our  understanding  of  the  volcanic 
processes  associated  with  the  construction  of  oce- 
anic crust  at  the  Mid- Atlantic  Ridge. 

Debbie  Smith  travels  to  the  far  reaches  of  land  and  sea  to  investi- 
gate volcanic  features.  She  recently  received  a  grant  from  the 
National  Science  Foundation  to  "take"  the  public  and  school 
children  to  sea  aboard  fl/VThompson  (University  of  Washing- 
ton) via  the  Internet  during  an  October  1998  cruise 
(www.pi/naridge.org).  For  a  change  of  pace,  she  dons  her  soccer 
boots  to  join  the  noon  pickup  games  on  WHOI's  McKee  ballfield. 

Joe  Cann  says  he  is  old  enough  to  remember  before  there  were 
any  plate  tectonics,  but  still  young  enough  to  enjoy  research  on 
mid-ocean  ridges.  He  visits  Woods  Hole  out  of  season,  when  the 
rents  on  the  Cape  are  lower,  from  his  base  in  the  UK  at  the 
University  of  Leeds. 
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Discovery  of  "Megamullions" 

Reveals  Gateways  Into  the 
Ocean  Crust  and  Upper  Mantle 


Brian  E.  Tucholke 

Senior  Scientist,  Geology  &  Geophysics  Department 


Long  before  the  plate-tectonic  revolution 
began  in  the  1960s,  scientists  envisioned 
drilling  into  the  ocean  crust  to  investigate 
Earth's  evolution.  As  early  as  1881,  Darwin  sug- 
gested drilling  Pacific  atolls  for  scientific  purposes. 
From  the  end  of  the  nineteenth  into  the  first  half  of 
the  twentieth  century,  drilling  was  used  to  pen- 
etrate the  reef  and  uppermost  volcanic  foundation 
of  several  oceanic  islands,  and  these  glimpses  of 
oceanic  geology  whetted  the  scientific  community's 
appetite  for  deeper  and  more  complete  data. 

The  idea  of  ocean  drilling  gained  momentum  in 
the  1950s  and  resulted  in  the  "Mohole  project," 
whose  objective  was  to 
sample  the  material  be- 
neath the  Mohorovicic 
discontinuity,  or  "Moho," 
the  boundary  between 
Earth's  crust  and  mantle. 
The  Mohole  project  proved 
to  be  ahead  of  its  time,  but 
the  program's  test  drilling 
in  the  deep  eastern  Pacific 
Ocean  proved  that  ocean 
crust  could  be  successfully 
drilled  and  cored  from  a 
dynamically  positioned 
ship  in  several  thousand 
meters  of  water  Mohole 
was  succeeded  beginning 
in  the  late  1960s  by  the 
hugely  successful  Deep  Sea 
Drilling  Project,  the  Inter- 
national Phase  of  Ocean 
Drilling,  and  the  current 
Ocean  Drilling  Program. 
(For  "An  Abridged  History 
of  Deep  Ocean  Drilling"  by 
Arthur  E.  Maxwell,  see 
OceanusVoL  36,  No.  4.) 

A  major  scientific  goal 
of  all  these  efforts  has  been 
to  recover  a  complete  sec- 
tion of  normal  ocean  crust 
and  uppermost  mantle. 
The  lithology,  properties. 
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and  geological  relations  of  these  rocks  are  key  to 
understanding  such  varied  phenomena  as  convec- 
tion in  the  earth's  mantle,  melting  and  transport 
mechanisms  in  the  upwelling  asthenosphere  be- 
neath mid-ocean  ridges,  rock  deformation  and 
alteration,  the  sources  of  magnetic  anomalies  in 
ocean  basins,  and  hydrothermal  circulation  and 
formation  of  ore  deposits. 

Poking  at  the  Oceanic  Lithosphere 

The  outstanding  obstacle  to  drilling  through  the 
entire  ocean  crust  is  that  normal  crustal  thickness 
is  on  the  order  of  6  to  7  kilometers.  Penetrating  it 
beneath  several  thousand 
meters  of  water  is  presently 
at  the  limits  of  drilling 
technology  as  well  as  be- 
yond the  financial  bound- 
aries of  scientific  funding. 
Currently,  drilling  to  depths 
of  1.5  to  2  kilometers  has 
yielded  upper  ocean  crust 
samples,  as  well  as  sections 
of  deeper  crust  and  upper 
mantle  where  these  rocks 
are  exposed  by  natural 
tectonic  processes.  Pieced 
together,  these  sections  are 
in  many  ways  similar  to  our 
conception  of  what  ocean 
crust  should  look  like,  based 
on  studies  of  ophiolites,  old 
seafloor  parcels  that  have 
been  exposed  above  sea 
level  by  various  tectonic 
mechanisms.  (See  map  on 
page  24.) 

At  its  base,  the  "standard 
ophiolite  model"  (see  figure 
at  left)  includes  an  "ultra- 
mafic"  layer  (made  up  of 
dense  rock  rich  in  iron  and 
magnesium)  that  represents 
the  oceanic  mantle.  The 
overlying  crust  is  formed 
from  melt  that  rose  buoy- 
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Schematic  section 
111  rough  oceanic 
crust,  based  on  study 
of  subaeriaDy  ex- 
posed ophioliles  and 
drilling  results  in  the 
ocean  hasins.  Bound- 
aries between  lilho- 
logic  units  are  usually 
transitional  and 
complex,  and  units 
may  be  thin  or  miss- 
ing where  magma 
input  is  episodic, 
notably  on  slow- 
spreading  ridges. 
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antly  at  a  mid-ocean  ridge  from  the  hot,  upwelling 
mantle.  From  bottom  to  top,  the  crust  consists  of 
layers  formed  by  crystallization  in  presumed 
magma  chambers  or  zones  of  hot  crystal  mush,  a 
shallower  section  of  vertically  oriented,  intrusive 
dikes,*  and  a  volcanic  surface  layer  of  pillow  basalts 
extruded  onto  the  seafloor  and  capped  by  sedi- 
ments. Laboratory  analyses  show  that  each  of  these 
sequences  transmits  sound  waves  with  characteris- 
tic velocities,  and  seismologists  studying  sound 
propagation  in  the  deep  ocean  basins  have  roughly 
equated  observed  crustal  velocity  layering  with  rock 
type  in  the  standard  ophiolite  model.  From  map- 
ping of  seismic  velocities,  the  subseafloor  depth  of 
the  top  of  the  mantle  (the  Moho).  and  thus  the 
apparent  thickness  of  normal  ocean  crust,  appears 
to  be  remarkably  uniform  at  about  6  to  7  kilometers. 
However,  there  are  several  problems  with  relying 
too  heavily  on  the  ophiolite  and  velocity  models. 
First,  while  ophiolites  offer 
the  convenience  of  being 
able  to  walk  the  out- 
crop and  directly 
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Discontinuity 


Mantle  Flow    Magma 

study  geological  relationships,  there  is  considerable 
debate  as  to  their  value  for  interpreting  the  struc- 
ture of  normal  ocean  crust.  Many  ophiolites  are 
known  to  have  originated  in  unusual  tectonic  set- 
tings such  as  behind  island  arcs  or  above  subduc- 
tion  zones,  and  it  is  uncertain  how  representative 
they  are  of  crust  beneath  most  large  ocean  basins. 
Second,  it  is  likely  that  the  standard  ophiolite  model 
is  overly  simplistic.  Spreading  rates  and  the  associ- 
ated levels  and  constancy  of  magma  production 
vary  dramatically  among  mid-ocean  ridges,  so  the 
magmatic  and  tectonic  structure  of  deep  ocean 
crust  probably  seldom  approaches  the  ideal  model, 
particularly  where  magma  supply  is  limited.  Finally, 
our  suppositions  about  the  relative  uniformity  of 
crustal  thickness  and  composition,  as  inferred  from 
velocity-lithology  correlations,  could  be  seriously  in 

*Dikes  form  when  vertical  fissures  allow  molten  material  to  rise 
through  preexisting  structures. 


error.  In  particular,  normally  high-velocity 
ultramafics  of  the  upper  mantle  may  become  al- 
tered by  seawater  that  penetrates  deeply  along 
faults  and  fractures.  Such  alteration  can  dramati- 
cally reduce  sound  velocity  in  these  rocks,  making 
them  appear  seismically  to  be  part  of  the  ocean 
crust  and  thus  causing  us  to  overestimate  true 
crustal  thickness. 

To  resolve  such  uncertainties,  we  are  still  faced 
with  the  need  systematically  to  sample  the  entire 
crustal  and  uppermost  mantle  sequence  within  the 
ocean  basins.  To  date,  the  best  path  to  this  goal  has 
been  to  sample  local  tectonic  exposures,  but  be- 
cause of  the  intermittency  and  incompleteness  of 
outcrops,  this  has  been  considered  a  piecemeal 
solution  at  best.  Recent  discoveries,  however,  indi- 
cate that  complete,  naturally  occurring  crust-mantle 
cross  sections  may  be  exposed  on  the  seafloor  by 
unusually  long-lived  faults.  These  sections  have  the 
potential  to  yield  long-sought  answers  to 
questions  about  the  structure 
and  origin  of  oceanic  crust. 

Nature  Opens  the  Door 

To  understand  how  tec- 
tonism  exposes  cross  sec- 
tions of  the  ocean  crust,  we 
must  first  consider  the  typical 
along-  and  across-axis  structure 
of  mid-ocean  ridge  (see  figure  at 

left).  The  spreading  axis, 
where  magma  wells  up  to 
form  new  ocean  crust,  is 
offset  by  discontinuities 
to  form  numerous  indi- 
vidual spreading  segments  that  extend  from 
a  few  tens  of  kilometers  to  more  than  a  hun- 
dred kilometers  along  the  ridge  axis.  At  the 
'    axes  of  slow-spreading  ridges  (where  total 
spreading  rate  is  less  than  about  35  to  40  millime- 
ters per  year),  seismic  studies  of  spreading  seg- 
ments, together  with  gravity  studies  of  density 
distribution  and  direct  seafloor  sampling  by  dredg- 
ing and  submersible,  indicate  that  crustal  thickness 
is  greatest  near  segment  centers  and  that  it  thins 
markedly  toward  the  discontinuities  at  segment 
ends.  From  this,  we  infer  that  upwelling  of  magma 
from  the  mantle  is  relatively  focused  near  the  cen- 
ters of  slow-spreading  segments.  At  faster-spread- 
ing ridges,  in  contrast,  crustal  thickness  tends  to  be 
more  uniform  along  the  length  of  spreading  seg- 
ments, and  upwelling  of  magma  therefore  appears 
to  be  more  evenly  distributed  along  a  segment. 

Another  significant  difference  between  slow-  and 
fast-spreading  ridges  is  in  magma  supply.  The  rate  of 
magma  supply  at  slow-spreading  ridges  is  relatively 
low  compared  to  the  rate  of  axial  crust  extension, 
while  the  rates  are  more  comparable  at  fast-spread- 
ing ridges.  The  result  is  that  tectonic  extension. 
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expressed  in  the  form  of  large  normal  faults,  is  much 
more  profound  at  slow-spreading  ridges,  particularly 
at  segment  ends.  These  faults  cut  deeply  into  and 
sometimes  through  the  ocean  crust.  If  extension 
occurs  for  a  long  enough  period  on  a  fault,  then  a 
significant  portion  of  the  ocean  crustal  section,  and 
possibly  even  upper-mantle  rocks,  could  be  ex- 
humed along  the  fault  plane.  Do 
these  geological  cross  sections  actu- 
ally exist  on  the  seafloor,  and.  if  so, 
under  what  conditions  are  they 
formed? 

Recent  discoveries  suggest  an 
affirmative  answer  to  the  first  ques- 
tion. In  1996.  both  British  and  US 
expeditions  to  the  slow-spreading 
Mid-Atlantic  Ridge  found  remark- 
able seafloor  edifices,  each  of  which 
appears  to  have  originated  by  long- 
lived  slip  on  an  individual  normal 
fault.  These  features,  which  we  term 
"megamullions,"  have  two  distinctive 
characteristics:  first,  a  domelike  or 
turtleback  shape  extending  over  a 
diameter  of  some  15  to  30  kilome- 
ters, and  second,  conspicuous 
grooves  or  corrugations  (mullions) 
that  formed  as  part  of  the  faulting 
process  and  that  parallel  the  direc- 
tion of  fault  slip  over  the  domed 
surface.  (See  figure  above.)  We  have 
interpreted  the  megamullions  as 
footwall  blocks,  that  is,  blocks  ex- 
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humed  from  beneath  normal  faults.  (See  figure 
below.)  In  the  case  of  megamullions,  these  faults 
have  been  unusually  long-lived  and  areally  extensive, 
and  we  refer  to  them  as  "detachment  faults."  Once 
megamullions  were  recognized,  our  subsequent 
study  of  existing,  detailed  multibeam  bathymetric 
data  has  identified  a  total  of  17  of  these  features 
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between  about  21°  N  and  31°  N  on  the  Mid-Atlantic 
Ridge,  and  a  number  of  other  megamullions  have 
been  recognized  where  strong  tectonic  extension 
occurs  on  slow-  to  intermediate-spreading  mid- 
ocean  ridges  in  the  Indian  Ocean. 

Each  detachment  fault  that  forms  a  mega- 
mullion  has  three  notable  features:  a  breakaway 
zone  where  the  fault  began,  the  exposed  fault  sur- 
face that  rides  over  the  megamullion  dome,  and  a 
termination,  which  usually  is  marked  by  a  valley 
and  adjacent  ridge.  By  identifying  breakaway  and 
termination  ages  from  dated  seafloor  magnetic 
anomalies,  we  can  establish  that  the  faults  forming 
the  North  Atlantic  megamullions  accommodated 
slip  for  periods  between  1.0  and  2.6  million  years. 


Domed  inrl  .inioi  |iln< 
core  complexes 
analogous  lo  oceanic 
mcgamullions  can 
develop  in  continen- 
tal extcnsional  re- 
gimes. In  southern 
California,  the  gently 
dipping  Whipple 
detachment  fault 
separates  a  fooluall 
core  complex  (gray, 
highly  deformed  mid- 
cruslul  mylonitcsaiul 
chloritized  breccias) 
from  the  overlying 
hanging  wall  (dark 
brown,  Miocene 
volcanics).  In  the 
foreground.  Eric  Frost 
of  San  Diego  Stale 
University  outlines 
the  tectonic  frame- 
work ftt  members  of 
<  t<  can 


with  an  average  period  of  1.5  million  years.  The 
original  dip  of  the  faults  is  uncertain,  but  they  prob- 
ably dipped  at  up  to  about  45°,  much  like  most 
seismically  active  normal  faults  presently  observed 
at  the  axes  of  mid-ocean  ridges.  With  this  dip,  the 
faults  would  have  exhumed  a  full  6-kilometer-thick 
crust  and  even  exposed  the  underlying  mantle 
within  less  than  a  million  years.  As  these  rocks  are 
drawn  out  from  beneath  the  fault,  the  footwall  "rolls 
over,"  laying  out  the  geological  cross-section  across 
the  surface  of  the  megamullion.  The  rollover  also 
flexes  the  brittle  footwall  much  like  bending  a 
wooden  ruler — the  upper  part  of  the  footwall  block 
is  under  tension  and  new  normal  faults  break 
through  the  detachment  surface. 

Under  what  conditions  do  these  long-lived  faults 
develop?  In  terms  of  their  position  on  the  seafloor, 
all  megamullions  identified  thus  far  appear  near 
segment  ends  at  inside-corner  (1C)  locations  (that 
is,  within  the  bights  between  the  actively  slipping 
sections  of  ridge-axis  discontinuities  and  the 
spreading  axis).  Geophysical  data  and  recovered 
rock  samples  show  that  ocean  crust  at  inside  cor- 
ners of  slow-spreading  ridges  is  intermittently  thin 
or  missing  compared  to  relatively  normal  thickness. 


outside-corner  (OC)  crust  on  the  opposite  side  of 
the  spreading  axis.  This  seems  to  be  best  explained 
by  consistent  orientation  of  faults  dipping  from 
inside  corners  toward  outside  corners;  in  this  way 
the  upper  crust  (hanging  wall)  is  frequently  stripped 
from  the  inside-corner  footwall.  However,  this  pro- 
cess cannot  be  continuously  occurring  on  a  single 
fault.  If  it  were,  all  inside  corners  would  exhibit 
megamullions  (but  only  a  small  percentage  do),  and 
they  would  almost  exclusively  expose  mantle  rocks 
(which  they  do  not).  Rather,  it  appears  that  a  single 
fault  is  normally  active  for  only  a  short  period  of 
time  (a  few  tens  to  hundreds  of  thousand  of  years) 
before  it  is  abandoned  and  replaced  by  a  new  fault 
closer  to  the  spreading  axis. 

What,  then,  promotes  slip  on  a  single  fault 
for  periods  of  up  to  2  million  years  or  more? 
And  what  eventually  causes  the  fault  to  be 
abandoned?  Clearly,  for  a  fault  to  remain 
active  it  must  be  weak  in  comparison  to 
adjacent  crust  where  another  fault  might 
otherwise  nucleate.  Recent  laboratory  stud- 
ies have  demonstrated  changes  in  deforma- 
tion mechanism  at  sub-seafloor  depths 
where  faults  in  the  brittle  lithosphere  flatten 
out  into  zones  of  plastic  deformation  in 
hotter,  deeper  rocks.  These  changes  weaken 
the  rock  by  a  factor  often  or  more  compared 
to  surrounding,  unfaulted  rocks,  and  they 
thus  promote  slip  in  the  shear  zone.  Slip 
probably  is  also  enhanced  by  the  occurrence 
of  weak  serpentinites  along  faults  at  shal- 
lower levels  within  the  brittle  lithosphere. 
Serpentinites  form  as  seawater  percolates 
down  fractures  and  reacts  with  ultramafic  rocks  in 
the  lower  crust  and  upper  mantle  at  temperatures 
ranging  from  about  100°  to  SOOT. 

These  kinds  of  weakening,  however,  are  not  the 
entire  answer  to  the  question  of  fault  longevity 
because  they  probably  occur  on  many  ( if  not 
most)  faults  in  slow-spreading  crust,  whereas  truly 
long-lived  faults  are  few  and  far  between.  A  more 
complete  explanation  can  be  devised  if  we  con- 
sider the  temporal  variability  of  magmatism  at  the 
spreading  axis.  Episodes  of  magmatism  are  known 
to  occur  at  time  scales  of  tens  to  hundreds  of 
thousands  of  years  at  slow-spreading  ridges,  and 
recent  analysis  of  gravity  data  over  ridge  flanks 
also  indicates  a  predominant  cycle  at  a  period  of 
two  to  three  million  years.  Megamullions  consis- 
tently correlate  with  the  parts  of  these  longer 
cycles  where  the  gravity  data  indicate  the  pres- 
ence of  thin  crust  and  predominantly  amagmatic 
extension.  Thus,  it  appears  that  persistent  slip  on 
a  fault  occurs  while  the  spreading  axis  is  relatively 
cold,  but  that  when  magmatism  is  renewed,  it 
heats  and  weakens  the  lithosphere,  new  faults 
form,  and  the  long-lived  fault  is  abandoned.  The 
relative  rarity  and  the  locations  of  megamullions 
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suggest  that  completely  amagmatic  ex- 
tension is  not  common  even  in  slow- 
spreading  crust,  and  when  it  occurs  it  is 
restricted  mostly  to  segment  ends  near 
ridge-axis  discontinuities. 

Windows  of  Opportunity 

The  cross  sections  through  the  crust 
and  into  the  upper  mantle  that  appear  to 
be  laid  out  across  the  surface  of 
megamullions  offer  exciting  new  windows 
of  opportunity  finally  to  sample  the  oce- 
anic lithosphere  in  detail.  Marine  geolo- 
gists are  now  proposing  to  drill  a  series  of 
half-  to  one-kilometer-deep  holes,  aligned 
in  the  direction  of  fault  slip  across  the 
surfaces  of  megamullions.  From  these 
cores,  we  should  be  able  to  construct  a 
composite,  but  relatively  complete,  pic- 
ture of  the  entire  crust-mantle  section, 
without  ever  having  to  drill  the  6  kilome- 
ters or  more  that  would  be  required  to 
reach  the  mantle  beneath 
normal-thickness  ocean  crust. 

There  is,  however,  much  to  be  done  before  the 
drilling  occurs.  A  few  samples  have  been  obtained 
from  megamullions,  and  as  expected  they  include 
lower-crustal  and  upper-mantle  rocks.  Nonetheless, 
most  of  our  interpretations  are  based  on  remotely 
sensed  data  such  as  gravity  and  bathymetry,  to- 
gether with  models  of  the  faulting  process.  Detailed 
surveys  and  sampling  with  deep-towed  instruments 
and  submersibles  like  Alvin  are  needed  fully  to 
document  the  geology  of  the  outcrops  and  to  select 
optimum  locations  for  drilling.  This  mapping  and 
sampling  will  also  provide  critical  information  for 
correlating  data  between  drill  holes  and  to  under- 
stand the  three-dimensional  internal  structure  of 
the  crust  and  mantle. 

In  addition  to  providing  lithospheric  cross  sec- 
tions, megamullions  have  the  potential  to  yield 
significant  insights  into  other  outstanding  geologi- 
cal problems.  For  example,  it  has  long  been  thought 
that  the  primary  source  of  marine  magnetic  anoma- 
lies lies  in  the  upper,  extrusive  section  of  the  oce- 
anic crust.  Yet,  at  megamullions,  where  this  layer  is 
thought  to  be  missing,  perfectly  normal  magnetic 
anomalies  usually  are  developed.  Either  we  are 
grossly  mistaken  in  our  interpretation  of  these 
features,  or  else  the  lower  part  of  the  ocean  crust 
contains  a  substantial  magnetic  signature.  Near- 
seafloor  magnetic  studies  and  laboratory  analyses 
of  magnetization  in  recovered  rock  samples  will 
resolve  this  question. 

Although  the  focus  here  has  been  on  oceanic 
lithosphere,  we  also  can  benefit  from  and  contrib- 
ute to  the  study  of  tectonics  in  continental  crust 
(see  photos  on  these  two  pages).  Megamullions  have 
dimensions,  shape,  and  an  apparent  mode  of  origin 


via  long-lived  detachment  faulting  that  are  very 
similar  to  those  of  "metamorphic  core  complexes" 
exposed  in  extensional  mountain  belts  such  as 
those  found  in  the  southwestern  United  States.  In 
these  areas,  domed  core  complexes  have  exhumed 
rocks  from  some  15  kilometers  deep  in  the  conti- 
nental crust,  and  their  structure  and  deformation 
history  have  been  studied  extensively  for  more  than 
two  decades.  Cross-pollination  of  insights  gained 
from  both  the  continental  and  oceanic  realms  will 
allow  us  to  develop  a  much  more  comprehensive 
understanding  of  extensional  tectonism  and  the 
intriguing  exposures  of  deep  lithosphere  both  on 
land  and  in  the  ocean  basins. 
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up  the  bedrock  stability  of  the  western  mountains  for  the  rolling 
sea,  and  he  has  since  been  on  more  than  25  oceanographic 
research  cruises  to  investigate  the  flow  of  abyssal  currents, 
seafloor  sedimentation  patterns,  the  paleoceanographic  history  of 
ocean  basins,  the  structure  and  evolution  of  continental  margins, 
and  the  tectonics  of  mid-ocean  ridges.  The  mark  of  his  passage 
can  often  be  seen  in  the  imprint  of  his  cowboy  boots,  several 
decrepit  pairs  of  which  he  has  buried  at  sea  in  oceans  ranging 
from  the  North  Atlantic  to  the  Bellingshausen  Sea  off  Antarctica. 
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Submarine  lava  flows  and  their  associated 
narrow  feeder  conduits  known  as  dikes  con- 
stitute the  basic  building  blocks  of  the  upper 
part  of  the  ocean  crust.  We  are  only  beginning  to 
understand  how  lava  erupts  and  forms  on  the  sea- 
floor  by  flooding  topographic  lows,  flowing  through 
channels  or  tubes,  centralizing  into  volcanoes,  or 
some  combination  of  all  of  these.  (See  article  on 
page  11  for  a  discussion  of  these  volcanic  pro- 
cesses.) The  style  of  emplacement  along  with  the 
extent  and  volume  of  individual  lava  flows  and 
eruption  rates  are  important  parameters  that  help 
determine  the  initial  properties  of  oceanic  crust,  its 
vertical  and  horizontal  structure,  and  what  pro- 
cesses control  the  magma  supply  to  the  crust. 
Less  than  a  handful  of  seafloor  eruptions  have 
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ever  been  monitored  in  real  time  or  near  real  time, 
so  when  a  swarm  of  seismic  events  showed  charac- 
teristics of  an  eruption  off  the  west  coast  of  the  US 
in  July  1993,  the  American  science  community 
mobilized  to  take  advantage  of  this  unique  oppor- 
tunity. The  seismic  activity  was  initially  detected  by 
seafloor  sensors  on  the  CoAxial  ridge  segment  of 
the  Juan  de  Fuca  mid-ocean  ridge  system  at 
46°15'  N,  129°53'  W,  but  then  over  a  period  of  just 
two  days  the  activity  marched  40  kilometers  north 
along  a  narrow  band  of  the  seafloor  to  center  on 
46°31.5'  N.  129°35'  W,  where  activity  finally  dissi- 
pated after  a  few  more  days. 

Research  cruises  sent  to  this  latter  site  discov- 
ered a  seafloor  eruption  had  indeed  occurred,  form- 
ing a  new  lava  flow  up  to  30  meters  thick,  2,500 
meters  long,  and  400 
meters  wide.  To  the 
north  and  south  of  the 
lava  flow,  a  linear  narrow 
fault-bounded  valley, 
called  a  graben,  was  also 
discovered,  oriented 
along  the  same  trend  as 
the  lava  flow.  This  nar- 
row graben  is  the  surface 
expression  of  the  subsur- 
face feeder  conduit  or 
dike  zone  that  fed  the 
lava  to  this  eruption  site 
from  the  magma  cham- 
ber located  some  40 
kilometers  to  the  south. 

We  were  fortunate 
that  the  Juan  de  Fuca 
region  had  been  mapped 
relatively  recently  with 
modern  bathymetric 
systems  and  thus  repeat 
bathymetric  mapping 
after  the  CoAxial  erup- 
tion allowed  the  pre- 
emption topography  to 
be  subtracted  from  the 
post-eruption  topogra- 
;   phy  to  obtain  an  esti- 
\   mate  of  the  new  lava 
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flow's  thickness.  Pre-emption  bathymetric  surveys 
are  not  always  available,  however,  which  precludes 
using  differential  bathymetric  mapping  to  deter- 
mine lava  flow  thickness  for  many  regions.  One 
possible  solution  is  to  measure  a  property  that  is 
proportional  to  the  volume  of  the  new  lava,  such  as 
its  magnetic  anomaly.  Newly  erupted  lava  is 
thought  to  be  initially  highly  magnetized  before  it 
degrades  to  less  magnetic  minerals  through  sea- 
water  alteration.  Highly  magnetized  lava  thus 
should  produce  a  distinctive  magnetic  signature 
relative  to  the  older  lava.  Individual  lava  flows  are 
typically  thought  to  be  on  the  order  of  a  few  tens  of 
meters  thick  and  a  few  kilometers  long,  requiring 
close-up,  near-bottom  magnetic  surveys  rather  than 
distant  surface  surveys  to  obtain  the  requisite  reso- 
lution for  detecting  such  features.  Magnetic  surveys 
also  offer  some  potential  advantages  over  differen- 
tial bathymetric  mapping.  Surface  ship  bathymetry 
has  a  relatively  large  footprint  of  100  meters  square 
and  a  limiting  depth  resolution  of  5  to  15  meters, 
although  near-bottom  bathymetric  mapping  could 
improve  on  this  resolution  by  an  order  of  magni- 
tude. Depending  on  the  geometry  and  density  of  the 
magnetic  survey  tracks,  near-bottom  magnetic 
mapping  could  have  both  a  small  effective  footprint 
and  the  ability  to  map  flows  thinner  than  5  meters. 
The  magnetic  mapping  method  also  has  the  advan- 
tage that  it  can  be  done  after  the  lava  flow  has 
erupted  and  does  not  require  pre-eruption  surveys. 

Six  months  after  the  eruption,  in  late  1993,  we 
used  the  submersible  Alvin  to  carry  out  an  initial 
survey  of  the  new  floor  and  found  that  the  new  lava 
flow  did  indeed  have  a  strong  magnetic  anomaly 
associated  with  it  and  that  the  anomaly  could  be 
directly  attributed  to  the  new  lava.  For  a  more  ex- 
tensive survey,  I  turned  to  some  colleagues  here  at 
Woods  Hole  Oceanographic  Institution  who  are 
developing  small  autonomous  underwater  vehicles 
(AUVs)  as  new  platforms  for  science.  AUVs  are 
untethered  robotic  vehicles  that  can  be  pro- 
grammed to  operate  independently,  for  example,  to 
execute  a  series  of  geophysical  tracklines  over  the 
seafloor  while  computing  their  position,  depth,  and 
altitude  off  the  seafloor.  The  AUV  currently  under 
development  at  \VHOI  is  nicknamed  "ABE'  for 
Autonomous  Benthic  Explorer,  and  the  elegance 
and  simplicity  of  making  measurements  from  such 
a  platform  belies  the  technological  achievements 
needed  to  make  it  possible.  (See  Oceanus  Vol.  38, 
No.  1, 1995,  for  a  discussion  of  ABE'S  development.) 

In  1994,  we  outfitted  ABE  with  a  magnetometer 
sensor  to  carry  out  a  detailed  magnetic  survey  of 
the  CoAxial  ridge  lava  flow.  ABE  collected  addi- 
tional data  in  1995,  providing  approximately  35 
kilometers  of  tracklines  over  the  new  flow.  The 
surveys  cover  the  majority  of  the  lava  flow  and 
provide  a  broad  view  of  its  magnetic  field.  The  new 
lava  flow  produces  an  extremely  strong  near-bot- 


tom magnetic  field  anomaly  of  approximately 
15,000  nanoTeslas  (units  of  magnetic  field  inten- 
sity), which  is  almost  25  percent  of  Earth's  main 
magnetic  field  of  55.000  nano  Teslas.  The  observed 
anomaly  arises  from  a  combination  of  the  magneti- 
zation of  the  new  flow  and  the  topographic  effect  of 
the  ridge  upon  which  the  new  flow  erupted.  The 
ABE  magnetic  field  data  were  first  corrected  for  the 
magnetization  of  the  vehicle  and  then  corrected  for 
the  variations  in  observation  depth  of  ABE. 

For  magnetic  anomaly  data  to  provide  an  inde- 
pendent estimate  of  flow  thickness,  crustal  magne- 
tization over  the  old  and  new  lavas  must  be  deter- 
mined by  representative  rock  sampling.  Measure- 
ments of  rocks  sampled  by  Alvin  and  Jason  revealed 
the  new  lava's  magnetization  to  be  about  60  amps 
per  meter  on  average,  while  the  older  surrounding 
lava  has  a  magnetization  of  only  26  amps  per  meter. 
To  estimate  lava  flow  thickness  from  the  ABE  mag- 
netic anomaly  data,  a  forward  modeling  approach 
allows  us  to  fit  the  observed  magnetic  anomaly  for 
each  ABE  profile  by  iteratively  incrementing  the 
thickness  of  the  new  lava  and  calculating  the  result- 
ant magnetic  anomaly.  The  final  profiles  are  then 
translated  into  a  lava  flow  thickness  map  (see  figure 
on  page  22,  bottom)  which  shows  a  maximum  of 
almost  30  meters. 

This  "magnetic"  thickness  map  is  remarkably 
consistent  with  both  the  observed  flow  boundaries 
and  the  lava  thickness  derived  from  differential 
bathymetry.  A  total  erupted  lava  volume  of  8.8  mil- 
lion cubic  meters  can  be  estimated  from  the  thick- 
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ness  map.  which  includes 
a  correction  esti- 
mate of  1.8 
million 
cubic  meters 
for  the  north- 
ern and  south- 
ern extremes  of 
the  flow  and  the 
eastern  tongue  not 
traversed  by  ABE. 
This  volume  is  consis- 
tent with  differential 
bathymetry  data  on  the 
1993  CoAxial  lava  flow  and 
represents  the  volume 
equivalent  of  a  small  Hawaiian 
eruption.  The  magnetic  thick- 
ness map  identifies  the  presence 
of  the  1993  lava  flow  where  it  is 
too  thin  for  detection  by  the  differ- 
ential bathymetry  method.  Differen- 
tial depth  measurements  are  also  less 
reliable  in  areas  of  steep  slopes  because 
small  shifts  in  navigation  can  produce  artificial 
depth  anomalies  (see  the  overestimated  differential 
depth  anomaly  in  the  figure  below,  where  the  south 
end  of  the  eruption  abuts  the  side  of  the  small  sea- 
mount).  Magnetic  thickness  estimates  are  unaf- 
fected by  these  bathymetry  problems. 

The  magnetic  estimates  do.  however,  have  their 
own  set  of  resolution  limitations  and  problems.  The 
error  in  the  magnetic  thickness  estimate  depends 
primarily  on  the  estimates  of  both  the  old  and  new 
lava  magnetization.  The  extent  to  which  magnetiza- 
tion varies  within  a  single  flow  is  not  well  known, 
but  it  is  reasonable  to  assume  that  the  1993  lava  flow 
has  relatively  homogeneous  magnetization  because 
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it  erupted  as  one  single  flow  and  cooled  relatively 
quickly.  There  is  greater  likelihood  of  magnetization 
variation  for  the  older  lavas  because  they  may  be 
composed  of  several  flows  from  different  ages  and 
eruption  events.  By  combining  error  estimates  from 
the  measured  rock  samples  of  the  old  and  new  lava, 
we  obtain  an  uncertainty  in  the  thickness  of  the  new 
flow  of  about  30  percent.  It  is  difficult,  however,  to 
estimate  how  well  the  magnetic  modeling  fits  the 
true  lava  flow  thickness  because  the  only  con- 
straints are  the  differential  bathymetry  thickness 
data,  which  represent  a  spatially  filtered  and  thick- 
ness truncated  version  of  reality.  Nevertheless,  dif- 
ferential bathymetry  does  provide  an  upper  con- 
straint on  lava  thickness,  and  this  is  compatible  with 
the  magnetic  thickness  estimates. 

The  ABE  survey  shows  that  high-resolution, 
near-bottom  magnetic  field  surveys  can  help  to 
quantify  the  geometry  of  young,  recently  erupted 
seafloor  lavas  and  can  provide  thickness  estimates 
that  are  consistent  with  other  observations  such  as 
differential  bathymetry.  Magnetic  fields  offer  some 
advantages,  for  example,  in  mapping  lava  flows  that 
are  too  thin  for  detection  by  the  differential 
bathymetry  method  and  where  steep  topography 
causes  the  differential  bathymetry  method  to  be 
unreliable.  The  most  important  advantage,  how- 
ever, is  that  magnetic  surveys  can  be  undertaken 
after  an  eruption,  removing  the  need  for  pre- 
existing data  over  the  site. 

For  magnetic  anomaly  data  to  provide  indepen- 
dent estimates  of  flow  thickness,  crustal  magnetiza- 
tion over  the  old  and  new  lavas  must  be  determined 
by  representative  rock  sampling.  Finally,  the  mag- 
netic survey  provided  an  opportunity  to  test  a  newly 
developed  autonomous  underwater  vehicle.  AUVs 
represent  the  newest  wave  of  technology  that  prom- 
ises to  revolutionize  oceanography  and  marine 
geoscience  and  make  the  oceans  more  accessible  to 
scientific  study.  Just  as  Alvin,  deep-towed  sensors, 
camera  sleds,  and  remotely  operated  vehicles  such 
as  Jason  revolutionized  the  way  geologists  and 
geophysicists  viewed  the  seafloor  in  the  1980s,  so 
now  AUVs  are  poised  to  make  as  big  an  impact  in 
the  21st  century. 

The  research  described  in  this  article,  as  well  as  the  develop- 
ment and  operation  of  ABE.  were  supported  by  the  National 
Science  Foundation. 
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began  with  geological  studies  at  Dalhousie  University  in  Nova 
Scotia  and  rock  magnetism  work  at  the  University  of  Washington. 
He  came  to  WHOI  m  1988  as  a  Postdoctoral  Scholar.  Maurice  has 
been  involved  in  24  research  voyages  and  made  22  dives  in  deep- 
sea  subrnersibles  including  Alvm,  the  French  sub  Nautile.  and 
Japan 's  Shinkai  6500 .  His  research  interests  encompass  most 
magnetic  aspects  of  Earth  but  especially  focus  on  high-resolution 
magnetic  measurements  of  the  seafloor.  including  application  of 
such  new  technology  as  underwater  autonomous  vehicles  to 
improving  these  measurements. 
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As  the  oceanic  plates  move  apart  at  mid- 
ocean  ridges,  rocks  from  Earth's  mantle,  far 
below,  rise  to  fill  the  void,  mostly  via  slow 
plastic  flow.  As  the  rock  approaches  the  top  of  its 
journey,  however,  partial  melting  occurs,  so  that  the 
upper  6  kilometers  of  oceanic  crust  are  composed 
of  melts,  which  both 
erupt  on  the  seafloor  as 
lava  and  crystallize  be- 
neath the  surface  to 
form  what  are  known  as 
"plutonic"  rocks. 

Melt  forms  in  tiny 
"pores"  along  the  bound- 
aries between  different 
crystals,  and  the  pores 
form  an  interconnected 
network  of  tubes  1  to  10 
microns  in  diameter.  Since  the  melts  are  less  dense 
than  the  residual  solids,  they  are  relatively  buoyant 
and  move  upward  faster  than  the  rest  of  the  up- 
welling  mantle.  The  exact  process  by  which  very 
small  amounts  of  melt  rise  to  form  voluminous  lava 
flows  is  the  subject  of  some  controversy.  We  do 
know  that: 

1)  melts  must  rise  through  the  upper  30  kilometers 
of  the  mantle  without  equilibrating  with  the  sur- 
rounding rocks,  and 

2)  melt  forms  in  a  region  several  hundred  kilome- 
ters wide  and  then  coalesces  into  a  narrow  band 
just  a  few  kilometers  wide — the  mid-ocean 


ridge— where  igneous  crust  is  formed  by  crystalli- 
zation of  magma. 

Studying  processes  that  take  place  within  the 
earth  is  not  easy,  but  plate  motions  occasionally 
thrust  pieces  of  crust  to  the  surface  that  provide 
windows  to  the  interior:  Outcrops  of  Earth's  lower 
crust  and  upper  mantle 
are  exposed  in 
ophiolites.  slices  of  oce- 
anic plates  that  are 
found  on  land  (see  map 
overleaf).  They  generally 
occur  in  mountain  belts 
along  continental  mar- 
gins and  are  usually 
tilted,  so  that  in  the 
largest  ophiolites  the 
erosional  surface  ex- 
poses rocks  that  ordinarily  reside  10  or  even  20 
kilometers  below  the  seafloor.  We  turned  to 
ophiolites  to  address  the  question  of  how  slow, 
porous  flow  preserves  disequilibrium  between  melts 
and  the  upper  30  kilometers  of  residual  mantle 
rocks. 

The  process  by  which  ophiolites  are  thrust  onto 
the  continental  margins  is  uncertain.  This  raises  a 
basic  issue:  The  rocks  in  ophiolites  are  certainly 
formed  at  submarine  spreading  centers  similar  to 
the  mid-ocean  ridges,  but  they  may  be  exceptional 
in  their  composition  or  structure — after  all. 
"normal"  oceanic  crust  is  under  water!  Furthermore, 
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like  all  exposures  of  ancient  rocks,  ophiolites  only 
preserve  an  indistinct  record  of  their  formation.  For 
questions  regarding  how  representative  they  are. 
how  hot  they  were,  how  fast  they  formed,  scientists 
will  always  look  to  direct  observations  of  active 
mid-ocean  ridges. 

However,  rocks  in  ophiolites  closely  resemble  the 
rocks  sampled  by  dredging  and  drilling  in  the  deep 
ocean  basins,  and  the  vertical  structure  of  ophiolites 
corresponds  well  to  the  structure  of  oceanic  plates 
inferred  from  geophysical  measurements.  Because 
they  expose  very  deep  rocks,  and  because  their 
three-dimensional  structure  can  be  determined 
directly  by  geologic  mapping,  ophiolites  provide  a 
complete  view  of  the  oceanic  plates'  internal  geom- 
etry that  is  unmatched  by  any  sampling  or  imaging 
technique  used  at  sea.  For  example,  the  deepest 
holes  so  far  drilled  into  submarine  oceanic  plates  are 
1.5  to  2.5  kilometers  deep,  about  10  times  shallower 
than  the  deepest  exposures  in  large  ophiolites.  And 


drill  core  is  only  6  centimeters  in  diameter,  whereas 
deep  exposures  in  ophiolites  extend  for  hundreds  of 
thousands  of  square  kilometers. 

Because  of  these  factors,  there  is  an  ongoing 
dialogue  between  scientists  conducting  seagoing 
research  and  those  involved  in  ophiolite  investiga- 
tions that  is  essential  to  our  understanding  of  the 
structure  and  genesis  of  oceanic  plates. 

Several  types  of  melt  extraction  feature  can  be 
observed  in  the  mantle  section  of  an  ophiolite  lo- 
cated in  Oman.  They  range  from  "dikes,"  fractures 
filled  with  minerals  crystallized  from  a  melt,  to 
"replacive  dunites,"  rocks  composed  only  of  the 
mineral  olivine.  Both  of  these  types  of  feature  are 
hosted  within  the  normal  mantle  rocks,  called  peri- 
dotites,  that  are  composed  mainly  of  the  minerals 
olivine  and  pyroxene.  Our  work  focuses  on  the 
replacive  dunites,  which  are  formed  when  melt 
migrating  by  porous  flow,  saturated  only  in  olivine, 
dissolves  all  the  pyroxene  from  the  rock.  Dunites  in 
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the  Oman  mantle  section  show  a  deformation  pat- 
tern that  is  sub-parallel  to  the  paleo-seafloor,  like 
the  surrounding  peridotites.  indicating  that  the 
dunites  must  have  formed  in  the  region  of  mantle 
upwelling  beneath  the  spreading  ridge. 

Our  data  show  that  replacive  dunites  in  Oman 
formed  within  and  around  conduits  of  focused 
porous  flow  of  melt  deep  in  the  mantle,  and  that  the 
dunites  were  in  equilibrium  with  the  melts  that 
formed  the  crust.  Focused  porous  flow  through 
dunites  satisfies  the  constraint  that  melt  must  be 
transported  through  the  upper  30  kilometers  of  the 
mantle  without  equilibrating  with  residual  perido- 
tites. The  width  of  the  largest  dunites  exceeds  50 
meters.  Melts  moving  by  porous  flow  in  the  interi- 
ors of  such  large  dunites  are  separated  from  residual 
peridotite  by  many  meters  of  dunite  and  thus  es- 
cape chemical  interaction  with  residual  peridotite 
even  though  the  melts  are  moving  slowly. 

How  do  dunites  form?  One  possibility  is  that 
they  simply  arise  as  a  result  of  reaction  during  po- 
rous flow.  In  the  late  1980s,  a  group  of  hydrologists 
at  the  University  of  Indiana,  led  by  Peter  Ortoleva, 
conducted  theoretical  studies  of  porous  flow  of  a 
solvent  through  partially  soluble  rock.  They  found 
that  the  coupling  of  flow  and  dissolution  leads  to 
the  formation  of  high  porosity  channels  that  focus 
porous  flow.  Small  perturbations  in  the  initial  po- 
rosity will  grow  exponentially  because  of  a  positive 
feedback  loop:  More  fluid  flow  passes  through  areas 
with  higher  porosity,  increasing  the  local  dissolution 
rate,  which  increases  the  porosity,  which  in  turn 
leads  to  yet  higher  flow  velocities. 

Ortoleva's  group  and  several  other  labs  developed 
a  "solution  front"  theory,  in  which  undersaturated 
liquid  comes  into  contact  with  the  soluble  porous 
medium  along  a  planar  front  perpendicular  to  the 
liquid  flow.  MIT/WHOI  Joint  Program  graduate 
student  Einat  Aharonov  used  sophisticated  math- 
ematics and  new  modeling  techniques  to  show  that 
even  in  a  system  where  the  liquid  and  solids  maintain 
equilibrium  everywhere,  if  the  solubility  of  the  solid 
in  the  liquid  increases  downstream,  the  result  will  be 
the  exponential  growth  of  dissolution  channels. 

Aharonov's  analysis  also  predicted  the  spacing 
between  the  fastest  growing  channels  in  the  initial 
stages  of  channel  growth.  This  spacing  is  propor- 
tional to  the  average  flow  velocity.  As  channels  grow 
and  become  more  permeable,  the  flow  velocity 
increases.  Based  on  this  result,  we  predicted  that 
over  long  time  periods  and  long  distances,  natural 
systems  would  also  produce  networks  with  decreas- 
ing numbers  of  channels  as  a  function  of  increasing 
time,  and  as  a  function  of  distance  downstream. 
Such  a  channel  network,  coalescing  downstream,  is 
schematically  illustrated  in  Figure  1.  We  called  this 
picture  Einat 's  Castle. 

Aharonov's  calculations  and  simulations  were 
focused  on  the  initial,  infinitesimal  stages  of  chan- 


nel growth.  More  recently.  Marc  Spiegelman 
(Lamont-Doherty  Earth  Observatory,  Columbia 
University)  has  modeled  the  process  continuing  to 
finite  times.  Many  features  that  are  transient  in  the 
initial  stages  reach  steady  state  at  longer  times. 
Most  importantly,  the  number  of  channels  vs.  dis- 
tance downstream  becomes  steady,  producing  a 
coalescing  drainage  network  (Figure  2)  that  is 
remarkably  similar  to  the  simple  prediction  in 
Einat's  Castle. 

As  for  many  coalescing  channel  systems  in  na- 
ture, the  networks  in  Figures  1  and  2  show  a  "power 
law"  relationship  between  the  number  of  channels 
and  the  flux  (volume  transported  per  unit  time)  in 
the  channels  (Figures  3A  &  B).  This  arises  because 
the  flux  doubles  when  two  channels  meet  to  form  a 
larger  one  downstream,  and  this  doubling  is  multi- 
plied at  each  junction.  This  explains  the  slope  in 
Figure  3A  for  Einat's  castle. 

It  is  interesting  to  note  that  Theodore  Wilson 
(University  of  Minnesota)  in  1976  found  the  same 
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Figure  2.  Results  of 
numerical  modeling 
of  the  formation  of 
porous  dissolution 
channels  in  the 
mantle  by  Lamont- 
DoherlvKarlh 
Observatory  scientist 
Marc  Spiegelman 
and  others. 
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kind  of  relationship,  with  conservation  of  flux 
downstream  in  human  bronchial  tubes.  Their  geom- 
etry is  governed  by  an  additional  constraint  that  the 
cross-sectional  area  of  the  tubes  is  conserved  at 
junctions.  Such  a  branching  geometry  was  first 
proposed  by  Leonardo  da  Vinci  to  account  for  the 
branching  properties  of  some  kinds  of  trees.  The 
combination  of  downstream  conservation  of  flux 
and  cross-sectional  area  produces  a  power  law 
relationship  between  the  number  and  radius  of  the 
tubes  in  such  a  branching  system  (Figure  3C). 

None  of  this  "proves"  that  the  dunites  we  ob- 
served in  the  Oman  ophiolite  formed  solely  as  a 
result  of  dissolution  channeling.  In  addition  to 
dissolution  channeling,  dunite  formation  may  also 
have  been  influenced 
by  other  processes 
including  focusing  of 
melt  in  zones  of  local- 
ized deformation, 
"suction"  of  melt  into 
the  region  of  plate 
separation  beneath 
ridges,  focusing  of  melt 
flow  beneath  perme- 
ability barriers,  espe- 
cially near  the  top  of  the 
upwelling  mantle  col- 
umn, and  perhaps  the 
formation  of  dunite  in 
porous  reaction  zones 
around  melt-filled 
cracks.  All  of  these  pro- 
cesses may  operate — in 
different  times  and  places — 
and  it  is  not  yet  clear  which  are  domi- 
nant in  melt  extraction  from  the  mantle 
beneath  oceanic  spreading  ridges. 

It  was  with  the  hope  of  providing  vital 
new  data  to  discriminate  between  these 
possibilities  that  we  conceived  the  idea  of 
taking  photographs  a 

from  a  blimp.  We 
reasoned  that  the 
preferred  channel 
spacings  and  coalesc- 


ing  networks  that  arise  in  simple  models  of  porous 
flow  through  a  soluble  solid  matrix  might  be  found 
in  the  mantle  dunites  of  the  Washington  Cascades. 
If  a  regular  spatial  distribution  of  dunites  existed 
and  could  be  photographed  by  a  blimp-mounted 
camera,  it  might  indicate  an  important  role  for 
dissolution  channeling  during  dunite  formation. 

We  were  inspired  by  detailed,  photomosaic  maps 
of  RMS  Titanic  made  by  the  remotely  operated 
vehicles  Jason  and  Argo,  and  reasoned  that  we 
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Figure  4.  Maps  made  using  BOI.O.  Ihe  Blimp  lor  On  Land  Oceanography.  Ihe  color  illustration  is  an 
example  of  a  single  photograph  iil'au  area  about  :>  meters  across,  and  the  grayscale  image  is  a  map  of 
an  outcrop  about  30  meters  across,  created  from  a  mosaic  of  about  50  photographs,  \olelbal.  though 
tin1  diiiiilcs  channels  appear  small  here,  they  are  actually  several  meters  wide. 
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should  be  able  to  produce  similar  maps  on  land.  In 
1996,  WHOI  Associate  Scientist  Greg  Hirth  and  I 
received  a  WHOI  Mellon  Independent  Study  Award 
that  allowed  us  to  purchase  an  8-meter-long  blimp. 
3  meters  in  diameter,  from  AdverBlimp,  in  Sioux 
Falls,  South  Dakota.  It  is  similar  to  blimps  that  fly 
over  shopping  malls  and  car  dealerships,  announc- 
ing a  sale  or  the  opening  of  a  new  showroom.  BOLO 
(Blimp  for  On  Land  Oceanography)  can  lift  about  20 
kilograms.  We  used  a  helicopter  to  fly  helium  into  a 
backcountry  campsite,  inflated  the  blimp,  hung  a 
camera  beneath  it,  and  photographed  rock  outcrops 
in  alpine  meadows  at  about  2,000  meters  elevation. 

In  geology  it  is  impossible  to  escape  the  influ- 
ence of  history.  Thus,  we  did  not  expect  to  reveal  a 
simple,  coalescing  network.  The 
mantle  that  will  undergo  melting 
as  it  rises  beneath  a  spreading 
ridge  has  a  complicated  prior 
history  that  began  with  accretion 
of  material  that  formed  Earth,  and 
has  continued  through  many  epi- 
sodes of  crustal  formation  and 
recycling.  This  gives  rise  to  compo- 
sitional variations,  which  in  turn 
produce  varying  amounts  of  melt. 
In  addition,  the  crystals  that  form 
the  mantle  have  been  stretched 
and  aligned,  "lineated,"  by  billions 
of  years  of  convection.  Because  of 
these  processes,  melt  flow  net- 
works encounter  pre-existing 
structures  that  guide  their  geom- 
etry, making  predictions  of  their 
patterns  difficult.  The  inescapable 
effects  of  history,  potentially 
unique  for  each  specific  region, 
constitute  a  major  barrier  to  theo- 
retical prediction  in  the  earth  sciences.  A  more 
useful  application  of  a  model  such  as  ours  is  to  try 
to  gain  insight  into  general  principles  governing 
coalescing  networks  of  porous  channels.  One  such 
principle  is  a  tendency  toward  exponentially  in- 
creasing flux  with  an  exponentially  decreasing 
number  of  downstream  channels  (Figure  3). 

Figure  4  illustrates  one  photo  frame  taken  from 
the  blimp  along  with  a  combination  of  about  50 
such  frames  into  a  digital  photomosaic.  Creation  of 
this  mosaic  was  greatly  aided  by  the  fact  that  the 
outcrops  are  almost  perfectly  flat!  We  made  all  our 
photographs  with  the  camera  lens  oriented  perpen- 
dicular to  the  plane  of  the  outcrop,  from  a  constant 
distance  away.  Furthermore,  we  were  lucky  in  that 
all  of  the  channels  in  the  dunites  of  this  area  are 
oriented  perpendicular  to  the  plane  of  the  outcrop, 
which  greatly  eases  determination  of  their  true  size 
in  three  dimensions. 

In  Figure  4.  the  channels  are  in  black,  residual 
mantle  peridotite  is  grey,  and  areas  covered  by  soil 


or  vegetation  are  white.  Having  created  this  image, 
our  next  step  was  to  measure  the  size  and  number 
of  dunites.  We  did  this  by  adding  a  grid  of  straight 
lines,  aligned  perpendicular  to  the  general  trend  of 
the  dunites.  We  asked  our  computer  to  find  all  the 
intersections  between  the  lines  and  the  dunites,  and 
measure  their  length.  Then  we  combined  and  ana- 
lyzed the  measurements  in  terms  of  the  number  of 
intersections  with  a  given  length.  These  data  are 
shown  in  Figure  5  for  several  outcrops. 

It  is  striking  that  the  width  of  the  dunites  (inter- 
section length)  has  a  power  law  relationship  to 
their  number,  with  a  negative  slope,  as  in  the  size/ 
frequency  plot  for  human  bronchial  tubes  in  Figure 
3C.  The  presence  of  such  a  regular  structure  sug- 
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gests  that  all  the  dunites  were  active  at  once,  and 
formed  a  coalescing  network  in  which  small  con- 
duits of  focused  flow  within  many  small  dunites 
were  connected  to  a  few  large  conduits  within  large 
dunites.  The  constancy  of  the  slope  from  outcrop 
to  outcrop  gives  us  confidence  that  the  measure- 
ment is  "robust" — not  an  artifact  due  to  a  limited 
number  of  observations. 

Human  bronchial  tubes  are  open  cylinders, 
whereas  conduits  within  dunites  in  the  mantle  are 
channels  of  high  porosity.  Thus,  the  slopes  in  Fig- 
ures 3C  and  5  should  not  be  the  same.  We  can  re- 
produce the  observed  slope  for  the  dunites  in  Figure 
5  with  a  simple  scaling  relationship  in  which  flux  is 
conserved,  channels  join  in  pairs  with  similar  sizes, 
and  the  porosity  varies  from  5  percent  in  the  biggest 
dunites  to  0.5  percent  in  the  smallest  ones. 

Much  more  data  analysis  will  be  required  in 
order  to  adequately  test  the  theory  that  a  chemical 
dissolution  process  is  responsible  for  this  structure. 
However,  the  linear  relationship  in  Figure  5  is  excit- 
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ing  for  many  reasons.  For  melt  extraction,  it  sug- 
gests that  the  relationship  between  width  and  num- 
ber of  channels  might  be  generally  predictable.  If  so, 
we  can  extrapolate  this  relationship  to  a  much 
larger  area,  such  as  the  cross-sectional  area  of  the 
mantle  beneath  an  active  mid-ocean  spreading 
ridge,  as  schematically  illustrated  in  Figure  6.  This 
approach  could  be  valuable  because  we  will  never  be 
able  to  observe  such  a  huge  area  directly.  We  can 
then  ask.  are  there  dunite  channels  wide  enough 
and  numerous  enough  to  account  for  chemically 
isolated  transport  of  melt  from  deep  in  the  melting 
region  to  the  base  of  the  crust?  Our  provisional 
answer  is  "yes." 

Looking  beyond  the  specialized  field  of  melt 
extraction,  our  results  on  the  mechanisms  and 
consequences  of  flow  focusing  become  even  more 
exciting.  In  1976,  Wilson  emphasized  the  funda- 
mentally important  point  that  the  coalescing  net- 
work of  bronchial  tubes  in  the  human  lung  is  opti- 
mally efficient.  For  a  system  with  a  single  large  inlet 
(your  throat),  and  the  requirement  to  disperse  air  to 
the  surface  of  thousands  of  capillaries  less  than  a 
millimeter  in  diameter,  the  geometry  of  Figure  3C 
minimizes  energy  loss  due  to  friction  of  moving  air 
along  the  tube  walls.  In  terms  of  thermodynamics, 
the  bronchial  network  minimizes  entropy  (the 
amount  of  energy  unavailable  for  useful  work  in  a 
system  undergoing  change). 

Perhaps  it  is  not  surprising  that  human  lungs  are 
optimally  efficient.  After  all,  organisms  on  Earth 
have  had  billions  years  of  trial  and  error  to  work  out 
the  bugs  in  their  design.  However,  some  chemical 
systems  develop  similar  structures  in  minutes. 
Nobel-prize-winning  chemist  Ilya  Prigogine  (Uni- 
versity of  Texas  at  Austin  and  International  Solvay 
Institutes.  Belgium)  showed  that,  on  laboratory 
time  scales,  some  systems,  which  are  open  to 


chemical  transport  and  which  remain  close  to  equi- 
librium, tend  to  find  a  steady  state  that  minimizes 
entropy  production.  Again,  perhaps  this  is  under- 
standable since  chemical  organization  is  the  statis- 
tical result  of  countless  molecular  interactions,  each 
of  which  happens  in  nanoseconds. 

It  may  be  that  a  variety  of  Earth  systems — 
porous  channels,  mantle  convection,  rivers,  faults — 
all  tend  to  develop  geometries  that  minimize  en- 
tropy production.  They  might  not  always  reach  an 
optimal  structure,  given  the  constraints  of  geologic 
history.  However,  just  understanding  this  tendency 
could  lead  to  the  development  of  valuable  predictive 
tools,  and  provide  a  unifying  factor  in  the  study  of 
disparate  natural  phenomena. 
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I  never  imagined  I  would  spend  six  weeks  of  my 
life  "wandering  around"  the  seafloor  exploring 
an  1 1  million  year  old  beach,  and  it  never  oc- 
curred to  me  to  look  for  a  fossil  island.  But  that's 
what  1  did,  and  that's  what  we  found  on  two  re- 
search voyages  separated  by  more  than  a  decade. 

But,  first,  a  bit  of  history:  During  World  War  11, 
Princeton  mineralogist  Harry  Hess  convinced  US 
officials  to  keep  Navy  ships'  echo  sounders  running 
as  they  crisscrossed  the  Pacific.  Hess,  a  captain  and 
later  admiral  in  the  Navy,  even  managed  to  have  his 
men  bring  back  rock  samples  when  they  returned  to 
the  ship  after  Pacific  Island  landings.  We  not  only 
won  the  war,  but  also  identified  the  mid-Pacific 
mountain  range  now  known  as  the  East  Pacific 
Rise — a  discovery  that  proved  fundamental  to  the 
then  developing  theory  of  plate  tectonics. 

Thus  began  modern  marine  geology  and  geo- 
physics. Prompted  by  Hess's  discoveries,  when 
peace  returned,  American  scientists  initiated  a 
systematic  study  of  this  little  known  region.  One  of 
the  first  results  was  the  discovery  that  the  ocean 
crust  appeared  to  present  a  consistent,  layered 
seismic  structure  composed  of  sediments  (layer  1  at 
the  seafloor)  followed  by  two  layers  with  rapidly 
increasing  sound  velocity,  and  then  a  reflector, 
dubbed  the  Moho  after  the  its  discoverer,  a  Czecho- 
slovakian  seismologist  named  Andrija  Mohorovicic. 
What  surprised  scientists  was  the  Moho  was  found 
at  a  very  shallow,  nearly  constant  depth  of  6  to  7 
kilometers,  and  that  seismic  layers  2  and  3  above 
also  appeared  uniform  in  the  oceans,  whereas  this 
boundary  ranges  from  35  to  60  kilometers  deep 
beneath  continents. 

This  led  to  a  great  debate  about  the  nature  of  the 
Moho  beneath  the  oceans  and  the  composition  of 
the  layers  above  it.  Hess  proposed  in  his  now  famous 
1962  paper  The  History  of  the  Ocean  Basins '  that  the 
Moho  was  an  alteration  front  created  by  hydrother- 
mal  solutions  converting  the  earth's  mantle  to  a 
lighter  rock  known  as  serpentine.  Serpentine  forms 
by  hydration  of  the  primary  mantle  rock  peridotite, 
which  is  named  for  the  gem  stone  peridote  (the  most 
common  mineral,  known  to  scientists  as  olivine).  The 
uniform  depth  of  the  Moho,  then,  represented  the 

*Hess.  H.H..  1962,  The  History  of  the  Ocean  Basins,  in  Petrologic 
Studies:  A  volume  in  honor  of  A.F.  Buddington.  A.E.J.  Engel. 
H.L.  James,  and  B.F.  Leonard,  eds..  Geological  Society  of 
America,  pp.  599-620. 


upper  temperature  and  pressure  limit  of  peridotite 
and  olivine  as  stable  elements  beneath  the  ocean 
ridges.  Hess  thought  Layer  2  was  the  volcanic  cara- 
pace formed  as  lavas  erupted  above  the  hydrother- 
mally  altered  mantle  rock. 


Bathymetry  of  Atlantis  Bank 
Atlantis  II  Fracture  Zone:  South  West  Indian  Ridge 


Five-meter bathymetric  map  of  Atlantis  Ituiikcrc 
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side  where  oolitic  limestones  uere  dredged. 


collaboration  with  the  other  scientists 
lap  shows  the  very  top  of  Atlantis  Hank 
cliffs  lo  either  side.  One  can  see  old 
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This  theory  was  rejected,  however, 
because  laboratory  experiments  on 
serpentine  failed  to  produce  the  exact 
acoustic  velocity  characteristics  in- 
ferred for  seismic  layer  3.  Instead  a 
model  where  the  Moho  was  the  crust- 
mantle  boundary,  with  layer  3  com- 
posed of  the  rock  known  as  gabbro 
overlying  the  unaltered  mantle  peri- 
dotite has  become  the  generally  ac- 
cepted paradigm.  Gabbro  is  a  coarse 
grained  rock  similar  in  composition  to 
the  basaltic  lava  that  erupts  from 
submarine  volcanoes.  This  rock  is 
found  exposed  on  land  where  deep 
layers  of  the  earth  have  been  uplifted 
onto  mountain  ranges  and  exposed  by 
faulting  and  erosion.  It  is  believed  to 
represent  the  frozen  remains  of 
magma  chambers  where  lava  rising 
out  of  the  earth's  interior  pooled  deep 
in  the  crust.  Gabbro  is  also  found  in 
"ophiolite"  complexes,  bits  of  fossil 
ocean  crust  and  mantle  commonly 
found  on  land  in  tectonic  plate  colli- 
sion zones  and  in  island  arcs  (see  map 
on  page  24).  There  it  underlies 
extrusive  pillow  lava  and  sheeted 
dikes  and  overlies  mantle  peridotite;  it 
is  also  believed  to  represent  the  re- 
mains of  magma  chambers.  The 
ophiolite  sequence  of  pillow  lavas- 
dikes-gabbros-periodite  provides  a 
convincing  match  to  the  seismic  layering. 

However,  ophiolite  crust  is  generally  much  thin- 
ner than  the  seismic  crust  in  the  oceans,  and  the 
lavas  there  often  have  quite  different  chemical 
compositions  than  those  on  the  seafloor.  Do 
ophiolites  represent  broader  ocean  crust  character- 
istics? Hess  and  geophysicist  Walter  Munk  (Scripps 
Institution  of  Oceanography,  University  of  Califor- 
nia, San  Diego)  cooked  up  the  idea  of  drilling  a  hole 
into  the  earth's  mantle  and  sold  it  to  a  group  of  their 
colleagues,  known  as  the  "American  Miscellaneous 
Society,"  who  in  turn  sold  it  to  Washington:  Drill  a 
hole  into  the  mantle  all  the  way  through  the  ocean 
crust.  Dubbed  "Project  Mohole,"  the  idea  eventually 
foundered  on  the  rocks  of  the  congressional  budget 
office  in  cost  overruns  and  ballooning  budgets.  It 
was  later  reborn,  however,  as  the  successful  Deep 
Sea  Drilling  Project  and  its  successor,  the  Ocean 
Drilling  Program.  (See  Oceanus,  Vol.  36,  No.  4  for 
"An  Abridged  History  of  Deep  Ocean  Drilling.") 
These  programs  have  incrementally  sought  to  drill 
deeper,  first  through  the  sediments,  then  through 
layer  2.  which  proved  to  be,  as  thought,  pillow 
basalts  and  sheeted  dikes,  the  remains  of  the  lava 
that  erupted  onto  the  seafloor  and  its  feeder  chan- 
nels. But  there  the  drilling  stopped.  The  material 


Author  Henry  Dick  standing  next  to  the  Canadian  I5OV 
/:<>l'ti\  on  site  in  the  Indian  Ocean. 

being  recovered  was  too  brittle,  too  broken,  and  it 
seemed  too  difficult  to  go  deeper. 

In  1984  my  colleague  Jim  Natland  (Scripps)  and  I 
proposed  using  tectonic  windows  in  the  ocean  crust 
to  get  to  the  deeper  rocks.  Simply  go  someplace 
where  Mother  Earth  had  done  a  lot  of  work  for  us  by 
tectonically  stripping  off  the  shallow  layers,  and 
start  deep.  In  1986.  we  surveyed  the  seafloor  south 
of  the  island  of  Mauritius  at  a  great  oceanic  trans- 
form fault  named  Atlantis  II  Fracture  Zone,  looking 
for  a  place  to  drill.  The  survey  produced  a  map  of  a 
200-kilometer  long,  mid-sea  mountain  range  flank- 
ing the  fault.  In  the  middle  of  these  mountains  was 
a  remarkable  flat-topped  peak  rising  up  some  5 
kilometers  from  the  seafloor.  On  the  walls  of 
Atlantis  Bank,  as  we  named  the  feature,  we  sampled 
gabbro  and  peridotite,  proof  that  drilling  here 
should  be  productive. 

Then,  in  1987,  Jim  and  1  returned  to  Atlantis 
Bank  aboard  the  drill  shipJOIDES  Resolution  along 
with  several  WHOI  colleagues  including  co-chief 
scientist  Dick  Von  Herzen,  who  had  backed  the 
project  from  the  beginning.  Over  16  days  of  drilling 
we  recovered  437  meters  of  gabbro  from  a  500  meter 
hole,  making  Hole  735B  the  most  successful  hard 


Drilling  &  Penetration  History  Holes  735B  &  504B 


Drilling  Time  in  Weeks 

Drilling  results  for  the  two  most  successful  hard  rock  holes 
in  the  ocean  crust:  Hole  7:5515  penetrated  the  lower  oeean 
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rock  hole  ever  drilled  in  the  oceans.  Although  we 
expected  to  find  gabbro  in  the  lower  ocean  crust, 
these  rocks  still  produced  a  lot  of  surprises.  Scien- 
tists had  long  debated  whether  the  lower  crust  was 
crystallized  from  one  great  steady-state  magma 
chamber  many  kilometers  across  lying  beneath  the 
ocean  ridge.  There  was  no  proof  for  that  here — 
rather  there  were  many  small  intrusions,  hundreds 
of  meters  in  dimension,  not  kilometers.  Crystalliza- 
tion here  was  ephemeral  and  short-lived.  And,  a 
great  surprise — the  magmas  deep  in  the  earth  were 
moved  around  as  the  rocks  deformed  when  the 
ocean  crust  stretched  and  ripped  apart  during 
seafloor  spreading.  The  crust  simply  looked  a  lot 
different  than  we  expected. 

The  Indian  Ocean  is  a  tough  place  to  get  to.  It 
took  10  years  to  get  back.  Finally,  Jim  (now  at  the 
University  of  Miami)  and  I  returned  last  fall  aboard 
JOIDES  Resolution  as  co-chief  scientists  and 
started  drilling  again  to  deepen  Hole  735B.  We 
drilled  another  kilometer,  and  surprise — every- 
thing changed  again. 

After  careful  study,  the  results  showed  that  the 
deep  ocean  crust  is  compositionally  zoned.  Its  up- 
per layers  are  enriched  in  iron  and  titanium.  In  the 
lefthand  figure  on  page  30,  this  is 

reflected  in  a  change  in  the  amounts         | 

of  different  rock  types.  Many  large 
gabbro  intrusions  on  land  are  also 
compositionally  layered,  but  not  this 
way.  In  this  piece  of  ocean  crust,  the 
layers  are  created  as  tectonic  forces 
drive  the  last  liquid,  with  iron  and 
titanium  in  solution,  out  of  numerous 
small  magma  intrusions  when  they 
solidify — pushing  it  from  the  lower- 
most layers  upward  to  "freeze"  at  the 
top  of  the  section.  Our  discovery  of 
this  "synekinematic  igneous  differen- 
tiation" reveals  a  whole  new  process 
never  before  dreamed  of — unique  to 
ocean  ridges. 

In  the  10  years  we  had  been  absent, 
British  colleagues  led  by  Tim  Minshull 
(Cambridge  University)  had  been  by 
to  conduct  a  seismic  experiment, 
which  showed  that  the  Moho  beneath 
Atlantis  Bank  was  some  5  to  6  kilome- 
ters down.  This  was  much  deeper 
than  expected  or  seemed  reasonable 
in  an  area  where  the  ocean  crust  was 
believed  considerably  thinner  than 
the  usual  6  or  7  kilometers,  and  where 
shallow  seismic  layer  2  (1.5  to  2  kilo- 
meters) was  already  gone. 

Well,  where  was  the  mantle  here 
anyway?  If  it  were  on  the  walls  of 
Atlantis  Bank,  then  the  Moho  be- 
neath wasn't  the  crust-mantle 


boundary.  That's  what 
we  set  out  to  find  in 
spring  1998.  To  do 
this,  Paul  Robinson 
(Dalhousie  Univer- 
sity), Chris  MacLeod 
(Cardiff  University), 
Simon  Allerton  (Uni- 
versity of  Edinburgh), 
and  I  organized  an 
international  expedi- 
tion on  the  British 
Antarctic  Survey  ship 
James  Clark  Ross. 
Using  British  Geologic 
Survey  rock  drills  and 
the  Canadian  remotely  operated  vehicle  ROPOS 
(Remotely  Operated  Platform  for  Ocean  Science), 
we  went  back  to  see  if  we  could  find  the  crust- 
mantle  boundary  on  the  wall  of  the  transform,  and 
to  map  out  the  great  gabbro  massif  through  which 
we  were  attempting  to  drill.  What  we  found  was 
more  surprises.  We  did  find  the  crust-mantle 
boundary— outcropping  on  the  side  of  Atlantis 
Bank — only  a  few  hundred  meters  deeper  than 
where  we  stopped  drilling.  So  it  appears  the  Moho 
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is  an  alteration  front,  as  Harry  Hess  once  sup- 
posed, at  least  in  this  one  spot  in  the  ocean.  And 
we  did,  with  our  British  and  Canadian  colleagues, 
map  out  an  enormous  block  of  gabbro  over  the  top 
of  the  bank — proving  that  the  crust  here  is  rela- 
tively intact  and  not  a  great  tectonic  jumble.  But 
we  also  found  a  fossil  island. 

And  what  about  that  fossil  beach?  About  two- 
thirds  of  the  bank  is  covered  by  limestone,  with 
ripple  marks,  just  like  those  in  the  sand  at  a  modern 
beach.  However,  these  were  "frozen,"  lithified  as 
what  was  once  an  island  sank  beneath  the  waves 
millions  of  years  ago.  There  are  little  pot  holes 
ground  into  gabbro  rock,  still  partially  filled  with 
pebbles  and  sand,  and  headlands  and  fossil 
seastacks  (isolated  erosional  remnants  of  the  is- 
land). No  beach  umbrella,  but  an  old  rotting  fishing 
net — the  place  had  a  very  large  population  of  lob- 
sters, crabs,  sharks,  sea  fans,  siphonophores, 
sponges,  and  other  critters.  It  seems  that  long  ago, 
the  whole  massif  popped  up  out  of  the  earth  some  6 
or  7  kilometers  at  the  intersection  of  the  Southwest 
Indian  Ridge  and  the  Atlantis  II  Fracture  Zone  to 
rise  above  sea  level.  This  great  tectonic  island  with 
an  area  of  at  least  25  square  kilometers  then  slowly 
subsided  back  beneath  the  waves  to  its  present 
position  some  700  meters  below  the  sea  surface.  It  is 
a  remarkable  place,  both  for  its  modern  biologic 
community  and  its  unique  fossil  island  characteris- 
tics. Flat  topped  seamounts  called  guyots  are  well 
known  in  the  Pacific.  They  are  submerged  volcanic 
islands  whose  tops  are  worn  away  by  wave  action  as 
they  sink  beneath  the  sea  surface.  But  this  is  the 
first  tectonic  guyot  anyone  has  ever  studied.  And 
with  it  comes  a  unique  paleontological  record. 
Between  the  many  seastacks,  boulders,  and  ledges 
of  gabbros,  we  deployed  our  short,  over-the-side 
rock  drills — and  came  back  with  a  lot  of  limestone 
in  addition  to  the  gabbro  we  sought.  There  were 
fossil  clams,  snails,  a  limestone  made  of  sea  urchin 
spines,  and  a  kind  of  limestone  known  as  oolitic, 
something  that  forms  in  lagoons.  But  they're  all 
now  700  meters  down.  Jim,  formerly  a  Moho  chaser 
like  myself,  found  it  so  fascinating  that  he  has  con- 
verted himself  into  a  carbonate  sedimentologist  to 
explore  the  mysteries  of  that  fossil  island. 

This  research  was  funded  by  the  US  National  Science 
Foundation  with  additional  support  for  the  author  from  WHOI's 
Van  Allen  Clark.  Jr..  Chair.  International  support  was  provided 
by  the  Canadian  Natural  Sciences  and  Engineering  Research 
Council  and  the  British  Natural  Environment  Research  Council 
for  remotely  operated  vehicle  and  rock  drilling  operations  at 
Atlantis  Bank  aboard  RSS  James  Clark  Ross. 

Henry  Dick  first  came  to  Woods  Hole  Oceanograplnc  Institution 
from  Yale  University  in  1975  as  a  postdoc  with  Bill  Bryan  of  the 
Geology  and  Geophysics  Department.  He  has  been  a  Senior 
Scientist  since  1 990.  He  has  a  remarkably  dedicated  wife  named 
Winifred  and  three  small  children.  Helene.  Spencer,  and  Lydia, 
who  think  their  daddy  goes  to  sea  too  much.  He's  promised  them 
he  won't  even  look  at  the  ocean  for  at  least  a  year,  much  less  get 
his  feet  wet— after  his  next  cruise  this  fall! 
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Our  knowledge  of  the  physical  characteris- 
tics of  Earth's  deep  interior  is  based  largely 
on  observations  of  surface  vibrations  that 
occur  after  large  earthquakes.  Using  the  same  tech- 
niques as  CAT  (Computer  Aided  Tomography)  scans 
in  medical  imaging,  seismologists  can  "image"  the 
interior  of  our  planet.  But  just  as  medical  imaging 
requires  sensors  that  surround  the  patient,  seismic 
imaging  requires  sensors  surrounding  the  earth. 

At  the  end  of  1997  there  were  105  high  quality 
seismic  stations  on 
continents  and  islands 
around  the  globe  as 
part  of  the  US  spon- 
sored Global  Seismic 
Network.  In  addition, 
smaller  networks  of 
land  stations  are 
sponsored  by  Japan 
and  France.  Ideally, 
seismologists  would 
like  to  establish  128 
seismic  stations  uni- 
formly distributed 
over  the  surface  of  the 
globe.  Why  128?  Seis- 


mic  processing,  like  processing  on  a  personal  com- 
puter, is  more  efficient  if  carried  out  with  binary, 
that  is,  base  2,  numbers.  128  is  2  to  the  seventh 
power.  The  next  smallest  power  of  2,  64,  would  not 
give  sufficient  resolution  of  earth  structure.  The 
existing  land-based  networks  are  more  dense  than 
this.  The  next  biggest  power  of  2,  256,  would  be 
simply  too  expensive.  The  128  stations  would  he 
separated  by  about  2.000  kilometers.  Since  over 
two-thirds  of  the  earth's  surface  is  covered  by  water, 

"uniformly  distrib- 
uted" implies  that 
about  20  stations  need 
to  be  located  on  the 
deep  ocean  floor,  far 
from  continents  or 
islands.  The  goal  of 
the  Ocean  Seismic 
Network  (OSN)  pro- 
gram is  to  develop  the 
methodology  and 
instrumentation  nec- 
essary for  continuous, 
high  quality,  seismic 
observations  in  the 
deep  oceans. 


Ihis  map  slums  2(1 
regions  lor  local  in!* 
seafloor  seismic 
observatories  in 
order  to  have  128 
stations  evenly 
spaced  around  I  he 
globe  ( red  boxes).  The 
six  slurred  boxes  lia\e 
been  selected  as 
preliminary  lesl  sites. 
Yellow  lines  mark 
plate  boundaries. 


One  of  the  first  tests 
of  a  deep  sea  seismic 
observatory  was 
carried  onl  in  winter 
and  spring  I'WSal 
Ocean  Drilling 
Program  Site  M3B 
(red  dol ).  also  called 
OSX-1.  near  Hawaii. 
V'llow  dols  inillc  .lie 
I  In-  local  ions  of 
weather  hno\s  dial 
provide  information 
lor  assessing  the 
quality  of  the  seismic 
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Hie  borehole  seis- 
mometer deploy  ed 
at  OSN-I  sits  on  ils 
"teeter-totter"  on 
I  In-  I, ml. ill  nl 
R/V  yy/om/j.so/i 
(University  ol 
Washington)  in 
Honolulu  Harbor. 
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Seismic  Network  Management  Structure 

Coordinating  and  maintaining  the  network  of  continuously  operating, 
high  quality  digital  seismometers  and  distributing  the  acquired  data  to 
investigators  worldwide  is  a  monumental  task  overseen  by  the  Federation 
of  Digital  Seismic  Networks  (FDSN),  an  international  committee.  In  the 
United  States  the  development,  deployment,  and  support  of  modern 
seismic  instrumentation  for  research  is  overseen  by  Incorporated  Re- 
search Institutions  for  Seismology  (the  IRIS  consortium).  IRIS  has  three 
major  programs:  the  Global  Seismic  Network  (GSN),  the  Program  for  Array 
Seismic  Studies  of  the  Continental  Lithosphere  (PASSCAL),  and  the  Data 
Management  System  (DMS).  The  Ocean  Seismic  Network  (OSN)  is  an 
extension  of  the  Global  Seismic  Network  to  the  seafloor.  Another  interna- 
tional body.  International  Ocean  Networks  (ION),  coordinates  programs  in 
various  countries  to  establish  permanent  seafloor  observatories. 

— Ralph  Stephen 


There  are  three  major  challenges  in  establishing 
a  seafloor  seismic  observatory:  installing  the  sensor 
to  obtain  comparable  quality  to  land  or  island  sta- 
tions, providing  power  to  the  instrument,  and  re- 
trieving the  data. 

A  'modern'  seismic  installation  will  faithfully 
measure  accelerations  of  the  solid  earth  in  three 
dimensions  (vertical,  north-south,  and  east-west) 
down  to  the  quietest  earth  motions  over  a  broad 
band  of  frequencies.  In  the  absence  of  earthquakes 
and  such  human  activity  as  traffic,  shipping,  and 
explosion  tests,  the  earth's  surface  vibrates  in  re- 
sponse to  wind,  ocean  currents,  and  ocean  waves. 
While  the  human  ear  responds  to  vibrations  in  air 
spanning  frequencies  from  20  hertz  to  20  kilohertz, 
seismometers  used  to  study  whole  earth  structure 
respond  to  lower  frequencies,  from  0.002  hertz  to  10 
hertz.  At  0.002  hertz  the  seismometer  will  rise  and 
fall  once  in  about  8  minutes. 

Useful  signals  for  tomographic  studies  of  the 
earth  have  frequencies  around  1  hertz.  To  get  a 
feeling  for  the  sensitivity  of  a  modern  seismometer, 
consider  an  earthquake  and  a  receiving  station  that 


are  20°  apart  (about  2,200  kilometers  or  the  distance 
from  Woods  Hole  to  New  Orleans).  A  very  large 
earthquake,  with  a  magnitude  of  about  8,  will  cause 
displacements  at  the  seismometer  of  about  1  centi- 
meter. A  small  earthquake,  with  a  magnitude  of 
about  4,  will  cause  displacements  of  about  10  mil- 
limicrons. (A  millimicron  is  a  billionth  of  a  meter.) 
The  seismometer  will  also  be  responding  faithfully 
to  true  earth  ambient  noise  with  frequencies 
around  1  hertz  and  displacements  less  than  1  mil- 
limicron. These  correspond  to  accelerations  of 
about  one-tenth  of  a  billionth  of  the  acceleration 
due  to  gravity.  Directly  above  a  large,  shallow  earth- 
quake, the  surface  of  the  earth  will  be  displaced  over 
a  meter,  but  a  high  quality  seismometer  can  mea- 
sure displacements  as  small  as  a  few  millimicrons. 
The  ability  to  faithfully  measure  small  variations 
occurring  at  the  same  time  as  large  variations  is 
called  dynamic  range.  A  modern  digital  seismom- 
eter uses  24  bits  to  represent  a  number  and  has  a 
"nominal"  dynamic  range  of  144  decibels.  If  the  full 
dynamic  range  were  available,  this  would  corre- 
spond to  displacements  ranging  from  a  millimicron 
to  about  a  centimeter.  It  is  rare  for  a  seismic  station 
to  be  directly  over  a  large  earthquake.  Special 
"strong  motion"  sensors  are  used  for  the  very  large 
displacements  expected  in  earthquake-prone  areas 
such  as  Japan  and  California. 

A  seismometer  in  Montana  can  measure  ground 
vibrations  that  are  excited  by  storms  over  the  North 
Pacific  and  North  Atlantic  Oceans.  Wave  interac- 
tion during  the  storm  at  sea  creates  low  frequency 
"sound"  that  travels  through  the  solid  earth  to 
stations  deep  within  the  continents. 

Experience  on  land  with  Global  Seismic  Net- 
work stations  indicates  that  the  best  results  are 
obtained  by  placing  the  seismic  sensor  in  a  bore- 
hole at  about  100  meters  depth.  Although  expen- 
sive, this  has  two  advantages.  First,  a  sensor  set 


What  is  an  Ocean  Bottom  Observatory? 


A  general  definition  of  a  seafloor  observatory  would  be  a 
"fixed  location  where  measurements  are  made  over  a  prolonged 
period  of  time."  For  example,  the  Greenwich  (England)  Observa- 
tory made  astronomical  and  geophysical  observations  for  almost 
400  years.  It  is  most  famous  for  its  contributions  to  navigation, 
where  the  observations  of  the  times  and  locations  of  the  stars 
and  planets  are  useful  in  determining  longitude.  Less  well 
known  are  its  long  time-series  records  of  the  earth's  magnetic 
field,  which  are  useful  in  testing  models  of  the  geomagnetic 
dynamo,  the  flow  of  molten  iron  and  nickel  in  the  earth's  outer 
core  that  causes  the  magnetic  field. 

For  over  25  years  marine  seismologists  have  been  deploying 
ocean  bottom  seismometers  on  the  seafloor  for  periods  of  weeks 
to  months.  We  do  not  consider  these  to  be  "observatories"  be- 
cause the  time  series  at  a  single  location  are  not  long  enough. 
There  is  the  notion  of  permanency  in  an  observatory.  In  an 


academic  environment,  "permanent"  translates  to  the  time 
horizon  of  a  government  funding  agency,  about  five  years.  In  this 
sense,  the  National  Oceanic  and  Atmospheric  Administration 
weather  buoys,  which  have  been  delivering  information  to  the 
agency's  data  center  for  more  than  two  decades,  would  be  obser- 
vatories. In  addition  to  providing  immediate  meteorological  data 
to  warn  ships  and  coastal  regions  of  severe  storms  at  sea,  the 
weather  buoys  provide  long  time  histories  for  studying  climate 
change.  A  good  working  definition  of  an  ocean  bottom  observa- 
tory is  "an  installation  on  the  seafloor  for  making  continuous, 
long  term  (at  least  five  years)  observations  of  a  number  of  prop- 
erties of  the  earth  and  oceans."  Ideally,  an  ocean  bottom  observa- 
tory would  provide  data  to  shore  within  minutes,  say  via  a  cable 
or  satellite,  but  data  could  also  be  recorded  autonomously  and 
recovered  by  a  ship  every  year  or  so. 

— Ralph  Stephen 
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firmly  in  bedrock  moves 
faithfully  with  the  true 
motion  of  the  solid 
earth.  (Layers  of  soils, 
gravels,  sands,  and  muds 
that  lie  on  the  hard  rock 
basement  distort  the 
true  earth  motion.) 
Second,  the  ambient 
seismic  noise  levels, 
which  effectively  limit 
our  ability  to  observe 
small  earthquakes,  are 
reduced  considerably  by 
getting  away  from  the 
surface.  The  ambient 
noise,  which  is  predomi- 
nantly generated  from 
atmospheric  and 
oceanographic  effects  at 
the  surface,  is  trapped  in 
interface  waves  that 
attenuate  rapidly  with 
distance  away  from  the 
interface.  By  getting 
below  the  region  of 
interface  waves,  the 
ambient  noise  is  consid- 
erably reduced.  The 
International  Ocean 
Network  and  Ocean 
Seismic  Network  com- 
munities are  actively 
advocating  the  drilling 
of  boreholes  on  the 
seafloor  for  seismic 
installations,  and  they 
are  modifying  the  high 
quality  borehole  seis- 
mometers used  on  land 
for  operations  in  the  deep  sea. 

The  digital  data  acquired  by  the  borehole  seis- 
mometer can  be  recorded  on  the  hard  drive  of  a 
seafloor  computer.  Data  is  acquired  at  20  samples 
per  second  on  each  of  three  axes.  At  this  data  rate,  a 
seismometer  would  fill  the  1  gigabyte  drive  on  a 
personal  computer  in  about  two  months.  Three 
approaches  are  being  considered  for  data  retrieval. 
Where  retired  submarine  telephone  cables  cross  an 
area,  seismometers  could  be  tapped  into  a  seafloor 
junction  box.  Data  could  be  retrieved  and  power 
could  be  supplied  over  the  cable  continuously  in 
real  time,  an  ideal  situation.  For  remote  areas  with- 
out cables,  the  "brute  force"  approach  is  to  record 
data  autonomously  in  the  seafloor  package  and 
grapple  for  the  package  periodically,  say,  once  per 
year  from  a  supply  vessel.  Batteries  could  be 
changed  out  at  the  same  time.  Though  technically 
the  simplest  approach,  the  major  disadvantage  of 


this  system  is  that  the  data  would  not  be  available 
until  many  months  after  the  events  of  interest.  The 
third  idea  is  to  moor,  in  the  deep  ocean  near  the 
seismometer,  a  buoy  with  a  transmitter  that  can 
communicate  via  satellite  to  shore.  This  increases 
the  power  requirements  considerably,  but  data 
could  be  available  in  near  real  time.  However,  main- 
taining a  mooring  continuously  in  the  deep  ocean  is 
an  expensive  and  challenging  task. 

A  state-of-the-art  broadband  borehole  sensor  for 
deep  sea  applications  draws  between  4  and  12  watts 
of  power  continuously.  (Compare  this  to  leaving  a 
100-watt  light  bulb  on  in  your  home.)  Improving  the 
power  consumption  of  deep  sea  seismometers  and 
recording  systems  is  an  active  engineering  develop- 
ment task.  A  pressure  housing  4  feet  long  and  12 
inches  in  diameter  filled  with  lithium  batteries  can 
run  a  4-watt  system  for  four  months  for  about 
$10,000.  Batteries  alone  for  a  12-watt  system  would 


I  lir  autonomous 
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recording  package 

lor  Ihr  borehole 
seismometer  is 
deplored  IHIIU 
R/V  77/o////;sw/  ill 
OSN-1.  The  system  is 
designed  to  acquire 
three  ehaiinels  of 
seismic  data  al  20 
samples  per  second 
lor  lour  months. 
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These  seismic  traces  slum  Ihe  vertical  vibration  of  the  earth  al  Oahu  Ililuc).  ()S\-  1  (red), 
and  southern  California  (green  I  caused  hy  a  magnitude  <>.  I  earthquake  in  Afghanistan  on 
February  ^.  I99X.  Ihe  earthquake  event  is  the  large  amplitude  arrival  occurring  in  the 
middle  ol  Ihe  traces.  The  left  half  of  each  trace  shows  the  ambient  noise  prior  to  the  event. 
In  this  figure  the  response  al  the  OSN-  1  observatory  is  belter  than  at  Oahu  and  comparable 
to  Southern  C  alilornia. 

cost  about  $100,000  per  year.  Not  inexpensive,  but 

at  least  it  can  be  done. 

The  Ocean  Seismic  Network  Pilot  Experiment 

The  primary  goal  of  the  Ocean  Seismic  Net- 
work fOSN)  Pilot  Experiment  is  to  learn  how  to 
make  high  quality  broadband  f  0.003-5  hertz) 

seismic  measurements 
on  the  seafloor  in  prepa- 
ration for  extending  the 
Global  Seismic  Network 
to  the  ocean  basins. 
This  experiment  was 
carried  out  at  a  drill  site 
(Ocean  Drilling  Pro- 
gram Hole  843B)  225 
kilometers  southwest  of 
Oahu.  In  January  and 
February  1998,  we  de- 
ployed three  broadband 
seismic  instruments:  a 
borehole  seismometer,  a 
sensor  buried  surficially 
in  the  sediments,  and  a 
sensor  resting  on  the 
seafloor.  The  seismom- 
eter was  placed  in  the 
borehole  using  a 
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Frequency  (Hz) 

This  "amhieiil  noise  sped  rum"  slum  s  t  he  magiiil  ude  of 
Ihe  earth's  vibration  in  Ibe  frequency  baud  from  0.0(11 
hertz  to  10  licrt/  for  Ihe  vertical  ('/.}  and  two  horizontal 
(111  and  1 12)  components  ol  the  borehole  seismometer 
al  OSN-1.  The  black  dashed  lines  slum  Ihe  range  of 
typical  levels  for  land  slat  ions.  Around  O.I  hertz  and 
below  O.oi  in  1 1/  h  ii  1 1  ir  in  ii  i /i  HI  i. iU  the  seafloor  station 
is  as  noisy  as  Ibe  noisiest  land  stations.  Kclwccn  0.0 1 
and  O.I  hertz  on  the  vertical  component  and  all  compo- 
nents near  lOberl/  the  seafloor  station  is  as  quiet  as  Ihe 
quietest  land  stations. 


Wireline  Reentry  Sys- 
tem (see  figure  opposite).  The  instruments  were 
recovered  in  June  1998. 

While  at  the  site  in  February,  we  acquired  some 
sample  time  series  data  from  each  of  the  broadband 
seafloor  installations.  While  tethered  to  the  borehole 
sensor  we  recorded  surface  waves  from  the  magni- 
tude 6.1  event  that  occurred  in  Afghanistan  on 
February  4  (top  figure  above).  (The  seafloor  and 


buried  sensors  were  not  yet  in  place  during  this 
event.)  Ambient  noise  spectra  of  the  three  compo- 
nents of  the  borehole  sensor  show  that  the  horizon- 
tal components  are  noisier  than  the  vertical  compo- 
nents below  about  0.04  hertz  and  that  the  horizontal 
components  are  quieter  than  the  vertical  compo- 
nents above  the  microseism  peak  at  about  0.1  hertz 
(lower  figure  at  left).  Comparison  of  ambient  noise 
in  the  borehole  on  the  seafloor  with  a  state-of-the- 
art  sensor  on  the  island  of  Oahu  shows  that  seafloor 
stations  have  comparable  noise  levels  to  island 
stations  (figure  below)  from  about  0.02  hertz  to  1.5 
hertz.  Scientists  use  these  ambient  noise  curves  and 
observations  of  signals  from  different  sizes  of  earth- 
quakes to  evaluate  the  performance  of  a  station. 

The  cruise  reports  are  available  on  the  Internet 
at:  http://msg.whoi.edu/osn/OSNPE_intro. 

Future  Plans 

The  international  community  plans  to  install  six 
OSN  stations  in  the  next  five  years.  The  Ocean 
Drilling  Program  has  just  completed  a  borehole  on 
the  Ninety-East  Ridge  in  the  Indian  Ocean  that  will 
be  used  by  the  French  for  a  borehole  seismic  station. 
At  least  one  borehole  station  is  planned  near  Japan. 
In  fall  1998  a  WHOI-led  team  installed  a  junction 
box  on  the  retired  AT&T  cable  between  Hawaii  and 
California,  and  OOP  plans  to  drill  a  hole  for  the 
borehole  seismometer  at  the  site.  There  are  also 
plans  for  two  boreholes  in  the  equatorial  Pacific. 
The  sixth  site  is  on  the  Mid-Atlantic  Ridge  where  a 
borehole  already  exists. 

The  goal  of  uniform  seismic  coverage  of  planet 
Earth  is  within  sight,  but  we  have  a  long  way  to  go. 

This  work  was  supported  by  the  National  Science  Founda- 
tion with  additional  support  from  Incorporated  Research  Insti- 
tutions for  Seismology.  Joint  Oceanographic  Institutions,  Inc.. 
Scripps  Institution  of  Oceanography,  and  a  Mellon  Independent 
Study  Award  from  Woods  Hole  Oceanographic  Institution. 


Frequency  (Hz) 

Ambient  noise  spectra  are  compared  for  vertical    /   and 
Inn  i /mil. >l  (H)  components  of  the  borehole  sensor  at  OSN- 1 
anil  a  similar  sensor  on  Oahu  (KIP).  Above  I  hertz  the  seafloor 
is  much  quieter  on  all  components  than  the  island  station. 
IromO.OI  berl/to  I  hertz  all  sensors  have  comparable  levels. 
At  very  low  frequencies  the  quietest  sensors  were  on  Oahu. 
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1'rocediire  for  install- 
ing the  borehole 
seismic  system  in  an 
existing  borehole 
from  a  conventional, 
nondrilling,  research 
vessel.  The  ship  is 
maintained  within  u 
10-meter  watch  circle 
by  dynamic  position- 
ing and  the  Global 
Positioning  System 
na\igation.  Acoustic 
transponders  on  the 
seafloor  assist  in 
locating  the  lead-in 
package  relative  to 
the  re-entry  cone.  A 
camera  and  lights  on 
the  lead-in  package  at 
the  bottom  of  the 
borehole  seismometer 
also  assist  in  locating 
the  cone.  Once  re- 
entry is  completed  I  lie 
system  is  lowered 
until  the  sealloor  data 
recording  package 
lands  in  the  cone.  The 
control  vehicle  has 
propulsion  and 
additional  na\iga- 
lionul  aids  to  manipu- 
late the  si  ring  near 
the  seafloor.  Once  the 
system  has  been 
tested  in  place,  the 
tether  at  the  lop  ol 'the 
recording  package  is 
released  and  the 
control  vehicle  re- 
turns to  the  surface. 
Recovery  of  the 
recording  package  is 
carried  out  with  a 
grappling  hook 
attached  to  the 
bottom  of  the  control 
vehicle.  At  OSN  I  the 
water  depth  is  -J. 407 
meters,  the  re-entry 
cone  is  5  meters 
across,  and  the  bore- 
hole seismometer  was 
emplaced  2  IS  meters 
below  the  seafloor. 
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The  Mid- Atlantic  Ridge  emerges  as  the  South  American  and  African  plates  pull  apart  al  the  "slow"  rate  of  approximately  :{0 
millimeters  per  year.  I  In-  avis  of  I  lie  ridge  is  marked  by  a  2-kilomelcr-deep  rill  valley,  typical  ol  most  slow  spreading  ridges. 
Various  processes  create  discontinuities  in  the  ridge  on  several  orders,  which  break  il  into  segments  thai  range  in  length 
i  hum  10  to  2,000  kilometers)  and  longevity  ( 100,000  to  tens  of  millions  of  years).  This  map  reveals  a  first  order 
discontinuity  called  the  Cox  Transform  I  anil  located  al  32°15' S  (northwest  of  I  be  lip  of  South  Africa),  a  boundary  formed 
perpendicular  to  the  length  of  the  ridge,  where  the  edges  of  rigid  tectonic  plates  slide  past  each  other  in  opposite 
directions.  The  map  also  shows  a  12  kilometer  jog  ol  the  rift  valley,  a  second-order  discontinuity.  (  olors  indicate  depths 
from  1,900  (pink)  to  4,200  meters  (dark blue). 
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